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PREFACE 


J. Byron McConilckt Conference Chelrman 
Los Alsnos National Laboratory 

Major Impetus for the developoent of high tempera- 
ture electronic materials, devices, circuits and sys- 
tems can probably be credited to the energy crisis 
which appeared dramatically In 1974, At that time It 
was acknowledged that the necessary discovery and ex- 
ploitation of national energy resources would require 
a long-term coonitment to research and development, and 
federal funds were laade avallahle tor this purpose. In 
1975, a workshop was held to set directions for work In 
geothermal exploration,^ and a number of contracts 
were subsequently negotiated. As work continued. Inter- 
est broadened beyond the geothermal area. In 1978, Dr. 
A. F. Veneruso, of Sandla Laboratories, organized a ses- 
sion on High Temperature Electronics at Hldcon 1978 
In Dallas, Texas. ^ This session Included a paper on 
aircraft engine controls, as well as papers on Integrat- 
ed circuits directed at the hlgh-temperature needs of 
the well-logging Industry. In 1979, Interest broadened 
still further, as evidenced by the High Temperature 
Electronics and Instrumentation Seminar organized In 
Houston, Texas by Dr. Veneruso.^ Most recently, a ses- 
sion of the 1980 Electro-Professional Program was de- 
voted to The Frontiers of High Temperature Electronics!! 

More than five years have passed since the first 
workshop was held, and In that time much progress has 
been made. Interest In the field has continued to grow 
and the diversity of requirements has rapidly Increased. 
It therefore seems Important at this time to re-eval- 
uate the status of and directions for high temperature 
electronics research and development. This conference 
has been organized for that purpose. Specifically, the 
conference has three major objectives: to identify 

common needs among those In the user community; to put 
In perspective the directions for future work by focus- 
ing on the status of current research and development 
prograns; and to address the problem of bringing to 
practical fruition the results of these efforts. While 
the Importance of the technical content of the papers 
is not to be underestimated, the Program Comalttee felt 
that because of the diversity of Interests represented 
In the audience, the Identification of common problezw 
and the need for perspective with regard to the Impli- 
cations, both technical end coozaerclal, of these prob- 
lems were perhaps as Important as the hlgh-teiapera- 
ture technologies themselves. Accordingly, special at- 
tention was given to the program In two ways. 

ilrst, considerable care was taken to put together 
a session on Users Requirements which Included papers 
from as broad a spectrum as possible, and this session 
was scheduled as the first of the conference. Second, 
the need for perspective was recognized to be part of 
the broader problem of determining what results of re- 
search and development have long-range potential for 
commercialization, and how these can be reduced to prac- 
tice. To meet this need we are Introducing what we be- 
lieve to be an Innovation In conferences of this type: 
the final session, A Conference Perspective, by Dr. 
Robert Pry, Vice-President for Research and Development, 
Gould, Inc. During the conference. Dr. Pry will talk 
with as many as possible of the conference attendees. 
Coiid>lnlng the results of these encounters with what he 
leans of the status of the various hlgh-teuqierature 
technologies from the conference papers, he will devel- 
op a commentary of his views of the conference in gener- 
al, and technology transfer and cozmierclallzatlon In 
particular. I would, therefore, encourage everyone who 


ikts special needs In hlgh-teiBperature electronics, or 
opinions about the field, to talk with Dr. Pry at some 
time during the conference. I also hope that everyone 
will plan to stay for this final and possibly most 
important session. 

It Is worth noting that more than half the papers 
In the conference deal with materials and devices, 
rather than circuits and systems. While this Is due 
in part to the conference emphasis on research and de- 
velopment, It Is in larger measure a reflection of the 
lack of zuturlty of the field. Circuits and systems 
are the last in the developizent chain of which materlab 
form the beginning. The evolution to a mature technol- 
ogy base Is unfortunately lispeded by the relatively 
sioall size of the msrkrt for high temperature electron- 
ics when compared with, for example, the market comzand- 
ed by Integrated circuits. This small size Is not, hott- 
ever. Indicative of Its Importance when viewed In the 
context of national energy and space prograns. It Is, 
therefore, the goal of this conference to expedite the 
developnmnt of high temperature electronics for these 
most Important applications. 

No conference such as this can be successfully or- 
ganized without the hard work of a nusd>er of coopera- 
tive Individuals; I would like to thank all those who 
served on the Program Conmlttee for their efforts. Spe- 
cial acknowledgements are due Dr. John C. Rowley and 
Dr. Jan A. Nairud, both of Los Alamos National Labora- 
tory, for their outstanding and tireless efforts to es- 
tablish a program of the highest quality. Special ac- 
knowledgements are also due Dr. C. R. Hausenbauer and 
his staff In Special Professional Education at The 
University of Arizona, for handling all the conference 
arrangements. 


Finally, I would like to express our gratitude to 
those agencies which have contributed financially to 
the success of the conference: The National Aeronau- 

tics and Space Administration; The Departzent of Energy, 
Division of Engineering, Mathematical and Geosciences; 
The Nuclear Regulr.toiry Comnmlsslon, Division of Reactor 
Saftey Research: and The National Science Foundation. 
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HIGH TBIFERAIVItE BLECTRCHICS APPLICATIONS 
IN SPACE EXPLORATIONS* 

R.F. Jurgens 

Jet Propulsion Laborstory 
4800 Oak Grove Drive 
Pasadena, CA 91103 


Electronic In; trumenta and systeas used for space 
exploration have not generally been exposed directly to 
harsh environments of outer space or the dense atmo- 
spheres of several of our planets. Instead, protective 
enclosures, insulation, shielding, and small heating 
systois are provided to control the environment. Also 
the design of spacecraft systeas and Instruments are 
carried out with fairly conservative design rules, be- 
cause the cost of a mission Is high, and failure Is easy 
to achieve. The design of electronic Instrwents for 
use within the wide range cf the earth's environment Is 
difficult enough, and extension of our electronic tech- 
nology to operate at very high or low temperatures or 
great pressures Is no small challenge. 

Operation of electronic systems In envlronisents 
having temperatures or pressures beyond the capability 
of the electronics requires systems to protect or 
Insulate the electronics from the envlronsient . The 
awlntenance of the protection requires energy, and 
the energy source Itself may require protection. In 
vacuous space, the energy transfer to the spacecraft Is 
entirely dependent upon radiative transfer, and tempera- 
tures can be controlled by vaiylng the reflectivity of 
the spacecraft surfaces. This form of control may re- 
quire little energy since It often can be accomplished 
with little more than the rotation of the spacecraft or 
the reorientation of reflective panels. Pressure dif- 
ferences are seldom larger than the difference between 
that of the earth and vacuum. In these respects, the 
exploration of space Is considerably less difficult than 
the exploration of the earth's Inner space where tem- 
peratures and pressures are high. 

The exploration of the planets having large atmo- 
spheres Is entirely a different matter. In the case of 
Venus, for example, the surface temperature Is near 
730°K and the atcospherlc pressure 90 bars. The atmo- 
spheric profiles of the large outer planets are relative- 
ly unknotni, but one thing Is sure, both the pressure and 
temperature will increase well beyond our technical 
capability to design Instrusents before any surface Is 
likely to be found. The depth to which these atmospheres 
can be studied depends on one of two things, 1. our 
ability to design probes that can withstand the great 
temperatures and pressures, 2. the ability to transmit 
the Information through the dense absorbing atmospheres. 


The problem of protecting electronic systems from 
the great temperatures and pressures of these atmospheres 
Is a very different problan from that of outer space. 

Here the thermal energy transfer Is caused primarily by 
conduction to the atmosphere. The atmospheric pressures 
may be hundreds of times greater than those of the 
earth's atmosphere, so our spacecraft may look more like 
a craft designed for deep ocean exploration. We have 
two choices as to the design of our craft, either we 
design our systems to withstand the high temperatures 
and pressures, or we maintain tesiperature and pressure 
differences within the craft. The maintenance of tem- 
perature and pressure differences requires energy, and 
energy Is tlwsys a very expensive and a scarce commodity 
on any spi. .e probe. Therefore It Is very Important that 
we minimize or eliminate the need to maintain such dif- 


ferences. The extension of range of operating tempera- 
tures of electronic components and systems Is a start In 
that direction. 

Missions 

The exploration of the atmosphere of Venus will 
probably be the first example of the use of high tem- 
perature electronic systems in space applications. 
Studies of the Venusian atmosphere could be accomplished 
by the use of balloon borne Instruments. The slstplest 
sort of experiment might be one that determines only 
the circulation properties of the atmosphere at various 
altitudes. All that Is required here Is a beacon of 
sufficient power to be tracked by either orbiting 
spacecrafts or from ground-based radio telescopes. A 
more advanced probe might contain a radar transponder. 
The localization of the balloon, for example, could be 
accomplished by VtSI, Doppler tracking, range tracking 
In the case of a transponder, and all combinations of 
these. Two missions are presently being studied. The 
first carries only a simple beacon transmitter and flys 
at 18 Ion altitude where the temperature at about 323*C. 
Electronic breadbi.ard designs for operation at this 
temperature arc presently being constructed and tested 
at JPL. The second flys between 40 and 48 km where the 
temperature does not exceed 1S0*C. Here, more advanced 
Instrument packages are presently within the available 
technology. Possible Instruments Include pressure, 
temperature, differential temperatures, light fluxes, 
lightning detectors, and sound pressure levels. Balloon 
missions are likely to last no longer than a few days 
to a few weeks, therefore only short term studies can be 
carried out (These are much longer, however, than the 
present Venera and Ploneer-Venus probes). Longer 
missions are desirable and would most likely have to be 
carried out from the surface. 

If a landing probe could sit on the highest part 
of Terra Ishtar (about 10 km above the mean surface 
level) the temperature would be about 380*C. A number 
of Interesting experiments could be accomplished from 
this remarkable peak Including all the traditional 
weather measuronents, atmospheric turbulence, light 
scattering from dust particles, and so on. Equally as 
interesting are measuronen*'S related to planetary and 
solar systems dynamics. For example, very accurate 
measurements of the rotation rate, direction of the spin 
axis, and orbital motion could be made. These measure- 
ments could easily establish whether the rotation is In 
synchronous lock with the earth or If some form of pre- 
cession exists. As the planet rotates, two occultatlons 
could be observed per revolution as viewed from the 
earth. An orMtlng spacecraft could observe several 
occultatlons per day. Such measurements not only aid 
In establishing the variation of the atmosphere but 
glv.'. a measure of the turbulence which establishes the 
ultimate "seeing" capability through the Venusian atmo- 
sphere at microwave frequencies. 

Going to our outer planets, there Is imich work to 
be done. The first direct measurannts of t le Jovian 
atmosphere will be made by the Galileo spac: probes. 
These probes, like the PV probes, will lastarhort time 
until they are either crushed or their sigi.al extin- 
guished by the absorption In the atmosphere. The data 
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they return will ultlaetely determine If other methods 
of explorstlon are possible. Among the most exlcltlng 
might be s hot air balloon mission to explore the 
circulation below the visible cloud regions. Though It 
Is too early to know what might be posalble, high tem- 
perature electronics will most likely be required. 

Going towards the Inner part of our solar system 
we find Mercury and the Sun. The Mariner 10 spacecraft 
measured surface temperatures on Mercury ratglng from 
90 to 460*K. Radiative transfer models Indicate that 
temperaturea as high as 6S0*K (377*0) exist when Mercury 
Is closest to the sun. The precession of the perihelion 
of Mercury has been used to test the general theory of 
relativity, however, this rate of precession Is also 
partly caused by the solar oblateness which distorts the 
gravity field of the sun. Further teats of the general 
relativity theory could be facilitated by placing a 
transponder on the surface of Mercury or by placing a 
close orblter around the sun. The solar orblter could 
map the gravity field, measure the oblateness, and carry 
out other measurosents of fields and particles. Heasure- 
m^t cf the perihelion precession of orblter could give 
an even better verification of the general relativity 
theory. 

Electronic Hardware 

Most conventional military electronics will operate 
to 100°C. Therefore, at 100*C It is s''^rls^ to ask what 
won't work than what will. Even though many components 
will still function to 150°C, very few electronic systais 
will function properly. Therefore, electronic systons 
must be designed specifically to reach this temperature. 
As we go beyond 200°C, many standard components and 
packaging techniques begin to fall. By 300*C, very few 
silicon semiconductor devices continue to operate. As 
we go beyond 150 *C It Is especially Important to consi- 


der what Is really needed for space exploration, as every 
good designer would like to have everything, and every- 
thing could be much too expensive. 

There are on our list of components and systmss 
snny of the same things that are required for well- 
logging Instumentstion, so to the degree thst Instru- 
mentation requirements are mere or less Identical, opera- 
tion to 300*C should be possible using hybrid circuit 
techniques developed for well-logging. A fairly good 
summary of the limits of alecttonlc components was given 
by Venerusc (1979). Much work has been reported by 
Palmer (1977), Palmer and Hackman (1978), Palmar 
(1979), and Prince et. al. (1980) describing tests, 
design rules, and fabrication of electronic circuits 
suitable for many Instrtssentat Ion systems. However, our 
list contains seme Items not essential to the well- 
logging Industry. These are: 

1. High temperature power sources 

2. Ultra stable oscillators and clocks 

3. VHF, UHF. and Microwave transmitters 

A. Antennas 

5. Electromechanical actuators, motors, and 
guidence systems 

6. Special deployment components and systems 

The power source is so Important that It Is placed 
first In the list. An effective way to evaluate power 
sources for space applications Is by figures of watt 
hours per kilogram, watt hoi is per cubic centimeter, 
and watt hours per dollar. The last measure Is often 
the most difficult to obtain as most high tanptrature 


Table I. High Temperature Energy Sources 


Energy 

Device 

Type 

Manufacturer 

Temperature 

iiange 

Wh/kg 

Wh/cc 

Max 

Watts 

Efficiency 


Lithium/ Car bon 

Primary 

Power Conversion 
Inc. 

-50* to 60* C 

270 

O.Ai 

0.90 

NA 

D-slze tested 
available 

Lit hlum/ Car bon 

Primary 

Electron hem 
Industries 

-30“ to 150*C 

515 

0.98 

9.60 

NA 

D-slze tested 
available 

Sodium/NlPS^ 

Secondary 

EIC 

130* 

- 

- 

- 

- 

Experimental 

Sodium/Sulfur 

Sec jndary 
FUned Salt 

General Electric 

280* to .150*C 

150 

- 

- 

- 

Experimental 

LlSi/FeS 

Secondary 
Fused Sait 

Hockwell 

International 

AOO* to A50*C 

79 

- 

- 

- 

Experimental 

Sodium/Sulfur 

Secondary 
Fused Salt 

Harcoussls 

280* to 350*C 

200 

- 

10.0 

801 

Exper imental 

Photovoltaic 

Silicon 

Many 

< 150*C 

HA 

NA 

NA 

-12Z 
0 20*C 

Available In 
many sizes 

Photovoltaic 

GaAs 

Rockwell 

International 

< 300*0 

NA 

NA 

NA 

-lAX 
0 20*C 

Experimental 
.25cm X .25cm 

Thermal 
Electric Gen. 

Pyro- 

technlque 

Aerospatiale 

-AO* to 50*C 

< 20 

< 0.07 

- 

- 

Available In 
many sizes 

Radio Isotope 

Thermionic 

Generator 

Ft 238 

General Electric 

< 500*C 

> 0.5 X 

lo' - 

-Aw/ kg 
8 

300*K 

U.25Z 

Requires 

Custom 

Design 
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power sources are not coamercially available. Table I 
sumarlses sooe of the power sources that are either 
available or are known to operate at extended tempera- 
ture ranges. Certain special mechanical and electro- 
mechanical storage syatema have not been included. For 
example steam engines, compressed gas. Internal combus- 
tion engines, and windmills. The use of such systems 
should not be discounted, as a tew of these may be 
entirely practical. For example, the atmosphere of 
Jupiter la mostly hydrogen. The operation of a inter- 
nal combustion engine fueled on hydrogen Is quite prac- 
tical If an oxidizer is carried on the probe. Table I, 
then, concentrates on direct electrical power systems 
not requiring the conversion from mechanical to electri- 
cal energy. 

The primary batteries listed In Table I have very 
high energy densities compared to most primary or 
secondary cells. They also have good storage capabili- 
ty, which la essential since many missions require six 
months to several years to arrive at their intended 
target. The present temperatures limit for commercially 
available primary batteries Is about 1S0°C. The fused- 
salt batteries listed do not begin to operate until the 
materials fuse. These batteries can be stored in the 
charged state Indefinitely below the temperature of 
fusion. Since the lowest temperature battery is the 
sodium-sulfur type which begins to operate near 280°C, 
there is a range between 150° and 280°C for which no 
batteries are present ;.y available. Fused salt batteries 
can operate to 500°C, so they are Ideal for Venus land- 
ers. Although a large number of experiments on various 
fused salt cells have been run, only two types of cells 
have received sufficient study to be manufactured. The 
work on Sodium-Sulfur cells has been reported by Mltoff, 
Brelter, and Chatterji (1977) and Chatterjl, Mittoff, 
and Brelter (1977). Work on the Lit ulum-S 11 Icon/Iron 
Sulfide batteries has been reported by Sudar, Heredy, 
Hall, and McCoy (1977). Most work since then has been 
directed at manufacturing, large cells for industrial 
load leveling and for electric vehicles, therefore, a 
wide range of sizes are not available. 

Energy sources that cocld support longer missions 
than possible with batteries are: 1. photovoltaic cells, 
and 2. thermionic cells. Photovoltaic cells may be 
usable If the power requirements are not too large. 

High light Intensities are generally not available deep 
In the atmosphere of Venus and at the outer planets, 
thus the solar cell array sizes would have to be fairly 
large to provide even 20 to 30 watts. Silicon cells are 
not useful abov^ 200*C, although work is being done to 
extend the temperature range for use with large concen- 
trators. CaAs cells show the greatest premise for op- 
eration above 200*C, although their efficiency will de- 
crease. Tests of a few samples of GaAs cells supplied 
by Rockwell International showed a near linear decrease 
In terminal voltage with Increased teiperature. Al- 
though these cells survived the 3S0°C testing, their 
efficiency at this temperature went to zero. 

Thermionic cells or generators operate by establish- 
ing a temperature difference on tw Junctions formed of 
dissimilar metals. Two types of thermionic generators 
are listed in Table I. The pyrotechnlque generators 
suffer from a low energy to weight ratio, but could po- 
tentially operate to a higher temperature than the pri- 
mary cells. Comerclally available cells are rated 
only to 6S°C. These generators operate only fer a short 
time following ignition (30 seconds to a few hours). 
During this time the energy must be used or it Is lost. 
The Radioisotope Theimlonlc Generator (RTC's) suffer 
from many of the same probloas, but their energy/weight 
ratio is much greater than any other power source. The 
life-time of these generators Is controlled bv ^'ie half- 
life of Fu 238 which is the most common heat :ojrce (86 
years). A typical power source, such as the ones used 


on the Voyager spacecraft, generate about ISO watts over 
a ten-yf tr period and weigh about 40 kg. The efficiency 
of thermionic generator Is proportional to some fixed 
percentage of the Carnot efficiency, thus the efficiency 
decreases linear lly with Increased temperature on the 
cold side of the Junction. Typical hlgh-slde tanpera- 
tures are near 1280* K. If the hlgh-slda temperature 
remains fixed, the Carnot efficiency would be about 2.5 
times poorer on the surface of Venus than on earth. 
Higher efficiencies, of course, are possible If the 
nlgh-slde Junction tmapatetura can be raised. This re- 
quires either higher powered radioactive materials or 
ways to reduce the heat transfer through the thermionic 
converter. Higher powered radioisotopes probably Imply 
shorter half-lives, so the total energy may not change 
greatly. In spite of this, the future for RTC's looks 
good when long misslo* s are to be considered, as no 
other power source Is presently available. 

Ultra Stable Oscillators 

Ultra stable oscillators (USD's) are used to 
control the frequency and timing of all signals in the 
space probe. Microwave signals are generated by oniltl- 
plying the baoic oscillator or some lower frequency 
derivative of it by a series of simple multiplier 
stages. As a result, any phase Jitter or frequency 
variation of the USD Is multiplied by the same ratio. 
Thus, the purity of the final signal Is controlled by 
Che USD. Lower frequencies are usually generated by 
counting the USD frequency down with digital counters. 
The short term stability Is most Important for the 
transmission of Information, while the long term sta- 
bility la most important for maintaining timing of 
sequences of operations and for guidance and tracking. 
High quality USD's maintain long term stabilities of a 
few parts In ID^^ and short term stabilities several 
orders of magnitude better. Relatively little is 
presently known about the stability at CcoperaCures 
above 1D0°C. In order Co deceimlne what might be 
possible, several experimental oscillators are being 
designed at JPL for operation at 325°C. These units 
use special crystals cut Co have a zero temperature 
coefficient at that temperature. The oscillator elec- 
tronics is being fabricated with the standard hybrid 
circuit techniques. Experimental oscillators have 
already been tested at 28D°C with off-the-shelf crys- 
tals. This circuit operated without failure during Che 
two-week test period. The stability of crystal oscil- 
lators at high temperatures depends not only upon Che 
SLablllty of crystal and Its Q, but on the drifts In 
the ocher electronic components. Clearly, components 
will age faster at high temperatures, and stabilities 
are sure to be poorer than obtained at room temperature 
or with Che best over controlled crystal oscillators. 
Just how much poorer Is a question that remains to be 
answered. 

Transmittet s 

The measurements of scientific data in a high 
temperature envlroniuenr Is of little use unless Che 
Information can be sent out of the environment. In the 
case of planetary exploration, the only feasible comnu" 
nlcatlons channel la via radio. The choice of wave- 
lengths is dictated by the transparency of the atmo- 
sphere, the feasibility of Che antenna structures, the 
availability of receiving equipment, and the background 
noise level. In the case of Venus, the atmosphere 
becomes opaqur In the cm range, and a one-way trans- 
mission loss of 5 dB is encu-.intered for 4 cm waves. 
Since Venus has no appreciable Icnocpherc, longer wave- 
lengths pass freely. The physical size of antennas for 
wavelengths longer than a few metevs probably restricts 
the low frequency range Co IDD MHz. Tie ,'adlo back- 
ground noise Is contributed by the the'.mal. radiation 
from Che planet and the radiation frox free space. The 
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free space background rsdiatlon becomes smaller as the 
wavelength Is shortened, so shorter wavelengths are 
generally preferred. Therefore, any transmitter ‘°ich- 
nology that can operate In the frequency rangr from 
100 MHz to 3 GHz Is a potential candidate for our 
purposes. If we restrict our study to devices that 
could operate above ISO’C, we Ilnd only vacuum tube and 
GaAs semiconductor devices. In the case of vs'-uum 
tubes, there Is no reason to believe that a wide variety 
of devices would not work If special precautions were 
taken In fabrication. Included as possibilities would 
be Klystrons, TWT's, and standard ceramic vacuum tubes. 
Of these only the trlode vacuum tubes have been 

tested to temperatures of 4S0*C and found usable. A 
small pulsed oscillator Is being designed and fabricated 
by General Electric for testing at JPL. This oscillator 
could be used as a beacon, a simple telemetering de- 
vice, or possibly a radar altimeter. Vacuum tube de- 
vices have the potential or operating at either con- 
tinuous low power or high peak pulse power, thus they 
are Ideal for pulsed radar and beacon applications. 

GaAs transistors are available and provide the 
possibility of higher efficiencies than vacuum tubes, 
since no heater power Is required. GaAs transistors 
supplied by Microwave Semiconductor Corporation have 
been tested at JPL to temperatures as high as 210°C 
for a period of 10 days with no noticeable deteriora- 
tion of the S-band performance. Operation of these 
devices to higher temperatures Is likely to be possible 
with reduced efficiency. 

Antennas 

Given that a suitable transmitter can be designed 
and fabricated, the power must be radiated to the 
observer. Antennas are passive devices constructed of 
metal and Insulators. They must be structurally solid 
enough that the deformations are small compared to the 
scale size of the wavelength. In general, "he more 
directive the antenna is, the more important is the 
structural Integrity. Also important is the resis- 
tivity of the metal surfaces at high frequencies, that 
is, the losses in the antenna are contributed by the 
currents flowing near the surface of the metal, there- 
fore, since the resistivity increases with temperature, 
the losses will be larger at high temperatures. 

Exposed antenna surfaces will most likely have to be 
gold plated to insure that active gasses in the atmo- 
sphere will not react with the metal raising the 
resistivity and increasing the losses. Some antenna 
components employ ferrite devices for switching, isola- 
tion, hybrid combiners, and so forth. Many ferrites 
reach their Curie point at fairly low temperatures, 
and devices dependent upon high frequency magnetic 
materials may not be available to the designer. Other- 
wise, the antenna system is not considered to be a 
serious problem, but systems to point it are likely to 
be a greater problem. 

Electromechanical Devices 

Electromechanical devices Include such things as 
motors, solenoids, relays, resolvers, synchros, and 
so forth. Transformers are also usually included as 
simple machines even Chough they do not employ mechan- 
ical motion. Both adeqtate magnetic materials and 
magnet wire exist for fabrication of transformers for 
operation to 500*C. Transformers have been built for 
even higher temperatures, however, commercial suppliers 
are scarce. Recently, transformers have been built by 
General Magnetics for testing at JPL for temperatures 
to 3S0°C. These transformers have operated for several 
hundred hours at temperatures between 200°C to 300°C. 

As a result, we believe chat electromagnetic devices 
of all types can be designed. Presently under testing 


are several transformers and reed switches. High tem- 
perature motors were demonstrated by General Electric 
In the 1950' s, but apparently this technology lias been 
lost. At the present time, few high temperature 
electromechanical devices can be found, but modifica- 
tions of standard designs should be possible simply by 
substituting high temperature materials for Che stan- 
dard materials. 

Deployment Devices 

Spacecraft designers have a number of favorite 
devices for deploying spacecraft systems. Among these 
are various pyrotechnlque devices such as exploding 
bolts. All pyrotechnlque materials become Increasingly 
unstable as the temperature Increases, and the use of 
such devices at high temperatures seems out of the 
question unless Insulation or cooling Is provided. A 
number of other deployment techniques seem applicable. 
For example, since the temperature increases as we 
enter the planetary atmospheres, various fusable pins 
and plugs can be used to initiate deployment. Pressure 
sensitive devices may also be practical. 

Conclusions 

There are many applications requiring high temper- 
ature electronics for space exploration. Presently, 
there seems to be no applications requiring systems 
operating above SOO'C, where very few electronic com- 
ponents continue to operate. A number of Important 
missions can be carried out with 300°C electronics, 
most interesting would be the low altitude balloon 
studies of the Venus. Even more extraordinary would 
be a low altitude airplane Imaging system flying only 
a few hundred meters above the surface. Although it 
may be several years before such missions could be 
considered seriously, a balloon system to study the 
Venusian atmosphere at an altitude of 40 km is being 
designed by the French Space Agency and initial studies 
of 300°C electronics are being carried out at JPL for 
a possible balloon mission near an altitude of 18 km. 

Electronic systems that are required include 
Instruments, modulators, ultra stable oscillators, 
transmitters, power supplies, and power sources. Many 
of these systems would benefit from further work in 
high temperature semiconductors. Especially lacking 
are high temperature diode rectifiers and microwave 
transistors. New developments in GaAs and GaP devices 
would greatly aid in simplifying the design of high 
temperature systems. The ultimate SOCC applications 
will require new technology. Further work on SiC 
semiconductors seem appropriate. The integrated 
thermionic circuits being developed by McCormick (1978) 
at Los Alamos Scientific Laboratory coupled with ceramic 
trlode transmitters by General Electric could provide 
the basic building blocks for the first entry into the 
area of SOO'C exploration. 
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NEEDS FOR HIGH TEMPERATURE ELECTRONICS IN FOSSIL EMERCT PLANTS 
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The purpcae of this paper is to present needs 
for high teiq>erature electronics in fossil energy 
plants by first discussing several caae histories 
on applications and second by discussing the 
measurement methods. This will present some of 
the typical operating conditions encountered in 
addition to temperature as well as the electronic 
requirements of high temperature transducers. 

Emphasis will be placed on unset measurement needs 
as identified in a State-of-the-Art Survey.^ 

Process temperatures in synfuels plants have 
wide ranges tihich may be grouped as follows: 

1. Ambient (-40*C to + 125'C) (solar plus 
self heat in enclosures) ; 

2. 800°F (426*C) limit for cs'bon steel 
piping; 

3. 1500-1700'’F (800-925‘C) in combustor 
effluents: 

4. 2500-3200°F, in oxygen fed combustors 
and magneto hydrodynamic channels. 

Oil and gas well logging Cools encounter 
operating temperatures of 100°-200''C. 

Under sodium viewing and signalling in • 

fast breeder reactors can be done at 
400°F (200°C) during loading or shutdown 
conditions. 

Measurement methods Include: 

1. Ultrasonic, velocity by time dlffere'^'-e 
and by Doppler effect (using piezoelectric 
transducers) as well as noise vibration, 
erosion and safety related measurements; 

2. Electromagnetic induction, pressure gauges 
and flowmeters: 

3. Capacitive, velocity by cross-correlation 
and present-by-welght solids in two 
phase (slurry) flows. 

All of these, especially Che piezoelectric 
and capacitive transducers, may benefit substantially 
by placement of preamplifiers or pulser/receivers 
near the transducers to transmit high level, low 
impedance analog signals or, in the future, fully 
digitized signals. 

Future fossil energy plants will require 
automated control for efficiency, safety and 
environmental acceptability. Electronics and 
transducers capable of operating at and with- 
standing temporary high temperatures will be needed. 


Hi. M. O'Fallon, et al., A Study of the State-of-the- 
Art of Instrumentation for Process Control aiul Safety 
in Large-Scale Coal Gasification. Liquefaction, and 
Fluidized-Bed Combustion Systems. Final Report, 
ANL-76-4 (January 1976) . 
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HI(a TEMPEBATUHE ELECTROHICS UTILIZATION 
FOR PRESENT AND FUTURE NUCLEAR INSTRUMENTATION 


M. Marx Rlntze 
E G A G IdahOt Inc* 
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Idaho FaUa. ID 83415 


Electroalca uaed In nuclaar Inacmnentaclon la 
conpronlaed by reatrlcclona relative to the envlron- 
aenc (tenoerature, radiation, pressure, etc.). 
Electronics, by necessity, must be located at 
considerable distances from the measuring point. 

There will inevitably be many improvements 
made in instruoKntation and controls because of the 
three-atile- Island incident. Improved electronics 
capability will complement this surge for safer 
controls. 

Other areas, such as diagnostics, will advance 
rapidly as ability to withstand harsh environments 
becomes reality. The remoteness of temperature 
measurement electronics significantly reduces 
time response. Minimum response time in the 
infant controlled fusion plasma diagnostics and 
control is vital. 

Fluid density measurements would benefit 
from electronics mounted close to a gamma densito- 
meter detector. This would Improve response time 
and stability. 

In conventional nuclear reactor instrument 
applications, a ctintinuing engineering problem is 
the larga number of pressure boundary penetrations 
necessar>/. With electronics capable of withstanding 
severe environments, the number of penetrations 
could be greatly reduced. 

Fiber optics and electronics together capable 
of resisting temperature and vadlatlon, in the 
nuclear reactor realm, would greatly enhance 
measurement capability along with reducing 
mechanical cabling and penetration requirements. 
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This paper discusses the needs for high teapera- 
ture electronic and electro-optic devices as they 
would be used on aircraft engines in either research 
and developawnt applications, or operational applica- 
tions> The conclusion reached is that the teapera- 
ture at which the devices must be able to function is 
in the neighborhood of 500* to 600* C either for RAD 
or for operational applications. In RAD applications 
the devices aust function in this teaperature range 
when in the engine but only for a aoderate period of 
time. On an operational engine, the reliability 
requireaents dictate tdat the devices be able to be 
burned-in at temperatures significantly higher than 
those at which they will function on the engine. The 
major point made is that semicoj doctor technology 
aust be pushed well beyond the level at which silicon 
will be able Co function. 

Introduction 

The purpose of this paper is to describe Che 
needs for high temperature electronics in the air- 
craft engine field. The viewpoint expressed is as 
seen from Che Lewis Research Center of NASA in light 
of the fact that a major element of Che Center's 
mission is to perform basic research and development 
aimed at iaproving aeropropulsion systems. This view 
is also based on discussions of the topic with many 
other groups involved in aeropropulsion both in 
government and industry. 

The awjor areas of research and development in 
Che aircraft engine field today are: (1) higher fuel 

efficiency, (2) greater durability, and (3) reduced 
emissions, both gaseous and acoustic. There is a 
fourth major area of work which is not tied so dir- 
ectly with laboratory research and development but 
with flying operational engines. This area is Che 
reduction of direct operating cost via reductions in 
Che cost of maintenance and improvements in control 
systems. This may well be the most significant moti- 
vator of all when one gets to the bottom line. 

In this paper we will endeavor to show that all 
these areas of work, separately and together, provide 
strong motivation for development of high temperature 
electronic and electro-optic devices. 

Reouireawnts for Ground Testing of Engines 

In chin section we wil' discuss the need for 
high temperature electroni'* . for operation on Che hot 
rotating turbine disks of Jngines used for research 
and advanced developawnt. One urgent requirement is 
for e sniltiplexer operating at 500* to 600* C. 

The development of a new aircraft engine is a 
very long and expensive process. The process can 
take as long as 10 years from start on the drawing 
board to first engine certified to fly. During this 
process many prototypes are built for testing and 
developswnC purposes. These prototypes, as well as 
individual engine components, are operated repeatedly 
in ground test facilities. For each of these test 
runs the engine or component is instnxMnted with the 
maximum number of sensors possible so chat as much of 


the desired information as possible is obtained from 
each facility run. Even after an engine is certified 
for flight, problems arise in its operation on air- 
craft, or ways of iaproving its operational charac- 
teristics become appsrent so that this testing pro- 
cess continues well into the useful life of an engine 
smdel. An example of this is Che REFAN program con- 
ducted by NASA to modify engines like Chose on Che 
DC9 and the Boeing 727 Co reduce Che acoustic noise. 
This model engine had been in service for many years 
but new pressures generated by environawnCal concerns 
made it desirable Co go back and redesign parts of it 
for reduced noise emission. This program, by the 
way, led to the improved engine now on the new 
stretched DC9. 

The net result of all this it Chat engine and 
engine components receive a lot of testing and chit 
is a very expensive process. An individusl new 
engine can coat a few million dollars per copy. It 
can take the order of twenty of these to come up with 
the first certifiable copy. The cost to tear down an 
engine, put in new sensors and wiring, and rebuild 
for another test run Is frequently upward of a 
quarter million dollars. On top of all this it Che 
fact that Che cost of performing the test run itself 
is skyrocketing because of the rising cost of engicic 
fuel and test facility operating power. A typical 
engine test stand capable of altitude flight aimnla- 
Cion uses upwards of 50 megawatts. 

These testing costs provide a tremendous impetus 
toward getting as many sensors on an engine at one 
time as possible in order to reduce the number of 
rebuilds and test runs. This is accentuated by the 
fact that every rebuild generates a possible assembly 
error which on rare occasion can result in catas- 
trophic failure causing loss of engine and/or part of 
Che facility itself. 

What currently limits the number of sensors 
which can be installed and utilized for one test? To 
answer this one must look at Che current reasons for 
engine RAD. As was mentioned in Che Introduction, 
two of Che main motives for RAD are reduced fuel 
consumption, and greater durability. In this area of 
work, detailed measurements on Che hot rotating tur- 
bine are required. The example we will discuss is 
the need for data from this turbine. Here is where 
Che need for high temperature electronics arises. 

A fundamental law of chetmodynamics, the Carnot 
theorem, says Chat greater efficiency results from 
higher turbine inlet temperature. Another fundaswnt- 
al law (related to Chat of Murphy) says that hotter 
rotating suichinery is either less durable or weighs 
more. Part of Che process, then, of ptoducing more 
efficient and durable engines is one of obtaining 
information about Che temperatures and stresaes with- 
in the turbine to a level of detail never before 
attempted. The level of detail needed in a particu- 
lar section of Che engine is, in fact, proportional 
to Che severity of conditions in that section because 
Che margin for error is less in ti.ose s.'cCions where 
the temperatures and stresses are the greatest. This 
leads to Che need for far more data Chao ever before 
from the turbine disks and blades. This is the 
hottest paic of the engine ocher Chan the combustor 
itself. In Che Curbina the temperatures a.'e not only 
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very high but they are alao very non-unifona due to 
cooling flow th.-ough small bleed holes within the 
blades. 

These very same conditions that make full 
instrumentation of the turbine mandatory alao make 
reliable instrumentation most difficult. In a tur- 
bine test of this type, it is necessary to obtain 
data from the order of one hundred aensora, like 
thermocouples and strain gagea, mounted on the rotat- 
ing blades and disks. All these sensors can be 
mounted but routing the leadwork becomes impossible. 
One is faced with routing a few hundred wires down 
from the blades and/or disk to the shaft. From here 
they must be routed through a hole in the hollow 
shaft out to some transmission device such as a slip 
ring assembly or telemetry device to get the data 
from the rotating shaft to the stationary data han- 
dling equipment. The problem is that the hole is too 
small and/or the wires are too thick. If the hole is 
made bigger, the shaft has Coo little strength and 
its mechanical resonant frequencies begin Co lie in 
dangerous regions. If the wires are made too thin, 
they break either in installation and/or in opera- 
tion. Compounding this problem, in full scale engine 
testing, is Che fact chat there is no telemetry sys- 
tem available today which is capable of handling all 
these channels of data simultaneously in Che severe 
environment where it must be located. 

The current practice is to bring all Che wires 
Co Che disk but connect only as many as can be 
brought through the shaft. After testing is complete 
with this configuration, Che engine is Corn down 
solely Co allow connecting another batch of Che 
wires. This process is repeated maybe three to five 
times until all Che data is obtained. Not only is 
this a terribly expensive process but by Che time you 
gee CO Che third or fourth reassembly of the engine, 
many of Che sensors and/or wires lave failed from 
either Che rigors of testing or those of disassembly 
an*! assembly. This whole situation is obviously not 
very good. 

What is needed is electronics which can function 
in Che environment in Che region of Che Cirbine 
disk. Here the temperatures are in Che neighborhood 
of SOO* to 600° C and Che centripetal accelerations 
are tens of thousands of C's. What is needed most 
urgently is a multiplexer so Chat all Che sensors can 
be read out during a single test run. Given Che 
technology to build the multiplexer, Che next item of 
interest may be some form of analog Co digital con- 
verter capable of handling Che millivolt level sig- 
nals from thermocouples. Additionally, a high tem- 
perature telemetry system to send the signals from 
Che rotating shaft to a stationary receiver would be 
highly desirable. The ideal would be one chat 
requires no cooling because getting cooling air flow 
Co these regions is not only complex and expensive 
but also Che cooling air flow itself upse..s Che con- 
ditions in Che engine to some extent. It should be 
noted chat Che capability for telemetry, multi- 
plexing, and analog Co digital conversion in this 
environment, except for Che high temperature, has 
already been demonstrated. 

What we have described here is Che need for 
rugged electronics Co be used at sink temperatures of 
about 500* or 600* C. It is most important that 
these devices work reliably for the order of 50 to 
too hours at test conditions. This is not continuous 
operation, chough, because typical test runs last 
from 2 Co 10 hours. More will be said about reli- 
ability in Che next section when we deal with Che 
problems encountered on engines Chat are on jpen. 
tional aircraft. 


Requirements for Operational Engines 

In this section we will develop Che needs for 
high temperature electronics on operational engines. 
Even Chough we will arrive at Che same temperature 
level require lent of 500° to 600* C, it will be for a 
different reason. The functioning temperature level 
of Che electronics on an operating engine will be 
about 300* C but reliability will dictate a much 
higher burn-in temperature. 

The most aignificanc problem with operational 
aircraft engines tixlay is that their direct operating 
costs are Coo high and getting higher. Certainly Che 
rising coat of fuel is a major contributor to this 
problem. It is the root reason for Che R&D aimed at 
reduced fuel consumption. However, fuel costs are 
not the only major constituent of direct operating 
cost. Another major factor is engine maintenance. 

As the engines become more sophisticated and complex 
in Che interest of reduced fuel consumption and lower 
weight, they also become more difficult and costly to 
maintain. This has led to emphasis on greater dur- 
ability and CO modularization of engine designs. 

Because wc seem to be hammering away at costs so 
hard here, Che reader may get Che impression Chat 
these problems apply primarily to Che civilian 
fleet. Not so. The -ilitary is also acutely con- 
cerned with these cost problems both because of their 
budget constraints and because they are flying Che 
latest, most sophisticated engines which have not yet 
developed Che maturity and refinement of design Chat 
usually leads to reduced maintenance costs. 

How does one knov when to pull an engine from 
service and tear it down for maintenance? The most 
common criterion is that a particular component of 
the engine has operated for a predetermined number of 
hours or cycles. Another common criterion which is 
used CO determine when Co remove an engine is that 
the required thrust cannot be achieved without 
exhaust gas temperature exceeding a permissible 
level. This temperature is monitored for just this 
purpose. If this temperature gets coo high Che tur- 
bine life is drastically reduced. There are other 
criteria used for removing an engine such as the 
belching of strange looking flames or smoke from Che 
tail pipe or Che emission of aCypically cacophonous 
sounds and vibrations. Though these will not be 
considered significant for the purposes of this 
paper, they are usually considered urgent in Che 
extreme by Chose aboard the aircraft. 

The approaches Co maintenance described above 
are not necessaiily cost effective. The fact that an 
engine has operated for a given number of hours or 
cycles says nothing of Che conditions under which it 
operated. In the interest of safety, these intervals 
are usually set shorCr' than really necessary so Chat 
maintenance is frequen..iy performed on an engine Chat 
really does not need it. Exhaust gas temperature is 
only a very gross indicator of health so that Che 
engine ir -y be in 'ore neei' of maintenance before this 
cricerior, demands 't. An alternative approach, which 
has l;ee' tried with some instances of success, is an 
engine m- i .■ oring system. The ideal monitoring sys- 
tem woui bi- on Che engine. It should collect data 
on select -b 'ngine parameters and process this data 
to a f'l-n ch], iidicates whether Che engine needs 
maim ,ar ' ,.''incs to Che component needing Che 
mo>oC v.i.ce. a.-.d , perhaps, specifies what siaintenance 
is neeiieu. Such a syitem, coupled with the modular- 
ity of iDodern engines, will allow rapid access to the 
parts needipo repair or replacement based on actual 
performance data. However, Che modularity require- 
ment dictates Chat at least some of the electronics 
required for engine monitoring be located on Che 
engine. ^ 

The need for such an engine condition monitoring 
system leads rather directly Co the need for high 
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teaperaCure electronics. The devices needed here are 
for sensor signal conditioning, aignal transaiasion, 
and a aonitoring coaputer. Coapared with the re- 
quireaent discuased in the previous section on ground 
testing needs, the device requireaents dictated by 
this aonitoring syatea at first appear to be quite 
benign. There are far fewer sensors needed. They 
are probably not in the rotating environnent. The 
signal conditioning, transaiasion. and coaputing 
equipsient will not be located right in the very 
hottest parts of the engine but on the outside casing 
soaewhere where the teaperatures are lower. Cireful 
consideration of this systea, though, leads to the 
conclusion that the requirements may well be as 
difficult to satisfy. 

The operating temperature requirements for this 
monitoring system usually come out to be about 300° C 
for hig^ performance military aircraft or the possi- 
ble future supersonic transport.^ This temperature 
is set by the fact that the coldest air available at 
maximum speed and altitude is at what is called ram 
air temperature or total temperature at these flight 
conditions. Every other available fluid temperature, 
except that of the fuel, is higher. Fuel cooling of 
the electronics is now being used in some cases but 
it is very undesirable from the st'ndpoint of com- 
plexity. weight, and leak potential. Thus 300° to 
400° C seems a reasonable target for flight engine 
monitoring devices. This level does not teem very 
severe until one considers the problem of reliability. 

Whereas, in the previous section we came up with 
operating time requireaents of about 100 hours, in 
the flight monitoring system we need thousands of 
hours of absolutely trouble free operation. The 
primary reason for this is that you will not reduce 
maintenance cost if your monitoring system fails. 
Failure of the monitoring system will result in 
either presiature engine repair or in monitoring sys- 
tem repair or, far worae than these, the indication 
that the engine is healthy when it is not. This 
leads to the inescapable conclusion that very high 
reliability is needed. 

Coianon practice for achieving high system reli- 
ability for a given functional temperature is to use 
components that have been burned-in at a significant- 
ly higher temperature in order to weed out potential 
failures. The higher the burn-in temperature, the 
shorter the bnrn-in must be to weed out the bi.j 
parts. An acceptable burn-in temperature would be 
about the sasie as the temperature required for ground 
test applications discussed earlier. 

A further requiresient on operational engines 
arises from the need for more sophisticated engine 
control systems. This is being pursued by going to 
all electronic controls. These controls are required 
in order to achieve peak performance with high effi- 
ciency, long life, and safety. Requirements for 
modularity, flight safety, and combat survivability 
dictate that this control system be located on the 
engine.^ This puts it also in an environment like 
that discussed for the monitoring system. Indeed the 
control computer may alao be the monitoring com- 
puter. Thus, engine control requirements result in 
about the same environmental and reliability needs 
for electronic devices as do those of the monitoring 
system. 

We should point out here that there is also a 
need for optic and electro-optic devices to operate 
on the engine. This need arises primarily in mili- 
tary aircraft. Fiber-optic, rather than electronic 
cable, transmission of data from place to place on 
the aircraft brings the significant advantages of 
enhanced freedom from electromagnetic interference 
and the ability to send data over multiple paths 
without incurring the weight penalties of multiple 
electronic cables. Since much of the data originates 
on the engine, at least some of the electro-optic 


devices and fiber optic bundlea will reside on the 
engine and therefore have to operate reliably in the 
saiae thermal environment as the monitoring and con- 
trol electronics. 

To susBariae thia aection, the needa of opera- 
tional aircraft engine monitoring and control dictate 
electronic and electro-optic devices capable of very 
high reliability while operating at temperatures not 
too much higher than 300° C. Thia reliability re- 
quirement, we believe, will require burn-in at the 
S00° to 600° C temperature level. 

Concluding Reauirks 

In this paper we have discuased Che needa for 
high temperature electronics and electro-optica as 
they trould be used on aircraft engines In research, 
dnvelopmenC, and operation. The conclusion reached 
is that the temperature at which Che devices must be 
able to function is about the same either for R6D or 
for operational applications Chough Che reasons for 
arriving at this esCimaCed Cemper.-Cure are quite 
different. In RAD applications Che devices must 
function at this temperature when in the engine but 
only for a moderate period of time. On an operation- 
al engine, the reliability requirements dictate that 
Che devices be able to be burned-in at temperatures 
significantly higher Chan Chose at which they will 
function on the engine. 

We have been purposely vague in defining Che 
temperature goal as being around 500° to 600° C 
because there are arguments for a goal a hundred 
degrees above and below this temperature range. The 
sujor point to be made is Chat we must push wll 
beyond the level at which silicon will be able Co 
function. 

As a final thought, we would like to say that 
all of this constitutes Che justification needed to 
get support for a program aimed at high temperature 
electronics. It probably nas little Co do with the 
most significant future applications of these de- 
vices. They are presently unknown. Consider Che 
original justifications for developing integrated 
circuits. They were to enable small, low power cir- 
cuitry for spacecraft applications. As it has turned 
out, they were indeed useful for these purposes but 
these uses have proved to be of trivial impact on 
society relative Co Che other, more anindane uses to 
which they are now being applied. At Lewis we had a 
high temperature electronics program going in the 
Isf-e 60's and early 70's aimed at Che needs of 
nuclear power systems for spacecraft. When Cnat was 
no longer supported the electronics program went down 
the tubes with it. Now we are starting up essen- 
tially Che same program for completely different 
reasons. We cannot help but feel Chat high tempera- 
ture electronics will indeed have wide application 
not only to the areas discussed at this conference 
but also tc far more important areas which we just do 
not have Che vision to predict. 
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Introduction 

Itie econcsdc and political conditions which have 
increased the cost of fossil fuels along with cluuiges 
in goverment regulations which have provided the in- 
centive to produce hydrocvbons froai depths greater 
than 15,000 feet, has encouraged the oil exploration 
industry to drill to depths not previously considered 
econosilcally producible. This increased drilling 
activity has placed more demands upon the well logging 
service companies to provide a wide range of logging 
and completion services for wells with bottom hole tem- 
peratures greater chan 200*C and pressures in excess of 
20,000 psl. An exam>le of this type of activity is 
along the U.S. Gulf Coast, which has a high geothermal 
gradient that can produce tesg>eratt>res as high as 250*C 
at depths of only 18,000 feet. 

Stan<Iard downhole tools for i«ell logging measure- 
ments {ure typically rated for an environment of 175°C 

ambient tesg>erature and pressure of 20,000 psi^. The 
ability to log the higher temperature wells has gener- 
ally been limited to engineering developmental tools or 
tools in which the electronics section is housed in 
insulating dewar flasks with heat sink compounds ca- 
pable of maintaining ccsg>onent tes^ratures below 
150*C. The limitation in power available from portable 
power units has limited the use of thermoelectric units 
for cooling. 

The Challenge 

Deep wells with temperatures and pressures eibove 
the limits of the standard tools have been considered 
as curiosities and very limited in number; thus, the 
use of special tools prepared and operated by engineer- 
ing personnel, although expensive, was acceptable. 
However, as deep pays have been proven and the econsnic 
incentive to produce these wells has increased, the 
amount of deep exploration activity has significantly 
increased. The logging service companies have found it 
necessary to develop tools that can be accurately run 
by field personnel and which give reliable performance 
for several hundred hours at temperatures greater than 
200“C. 

Not only has the deep well put more severe tem- 
perature requirements on the tools, but the need to 
reduce expensive drilling rig downtown has dictated 
tl.at a number of different tools be run in combination 
on a single logging run. This need has increased the 
complexity of the tools by requiring extensive analog 
signal conditioning, as well as the addition of a digi- 
tal communications system to transmit the large amounts 
of sensor data to the surface over the limited number 
of lines available in the logging cable. 

Increased ccaplexlty in the tool electronics would 
normally mean an increase in the tool length since 
drilled hole limitations restrict the maximum tool di- 
ameter. Hotfever, to reduce tool string length and 
weight, emphasis is placed on elimination of flasks and 
the miniaturization of electronics through the use of 
medium and large scale Integrated circuits and the com- 
bination of ICs and discrete components into hybrid 
microcircuits. 


It is this requirement that forces the well log- 
gi;,g tool designer to design for reliable bperation at 
high temperature and to put as much circuitry as pos- 
sible into the small space available. To meet this 
need the designer must have a wide range of seadcon- 
ductors, passive electrocdc components, and dielectric 
materials cousercially available. The key point here 
is "coamrcial availability* such that tools can be 
designed and then sianufactured in sufficient quantities 
to support the erqiandlng field requirements. 

A successful high temperature logging tool is a 
combination of various mechanical and electronic oco- 
ponents with special consideration required in the 
application of sntals, elastoewrs, cables, pressure 
seals, feed thrus, as well as electronic ocsf>onents. 

The following limited discussion addresses only a 
segment of this - the electronic cesponents. 

The Components 

Functional Blocks 

The preferred component for a downhole logging 
tool is actually a functional block, either monolithic 
or hybrid, irtiich integrates a coog>lete schematic block 
into a single package characterized and tested for high 
tesg>erature operation. This allows maximum utilization 
of available space in the pressure sealed housing and 
gives added assurance that the system will function 
properly after assembly. The other major contribution 
of the functional block integration is the isq>roved 
reliability obtained with component prescreening and 
reduced number of packages with the resulting fewer 
interconnects . 

Some types of electronic functions which are uti- 
lized 2 uid needed for downhole tools include the follow- 
ing: 

1. Voltage Regulators - linear and s\ Itching 

2. Precision Voltage Reference 

3. Instrumentation Ang>llfler with lOOdB CMRR 

4. D to A euid A to D, 12 Bit Converters 

5. Hide Bandwidth Operational Aiiq>lifier with teiiq>era- 
ture stable bandwidth and offset 

6. Precision Comparator 

7. High Current, Hide Band Linear Driver 

8. Phase Sensitive Detector 

9. FET Switch and Driver with low leakage and ON 
resisteutce 

10. Sangile and Hold 

11. Logic family 

12. Crystal Controlled Oscillator 

13. V to F Converter 
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Preferred speclficatione at 200*C for the functions 
listed would be the sase as for better parts presently 
available at 125*C. Operation with scae specification 
degradation to 2S0*C would be acceptable. 

Relays 

Relays In downhole tools are kept to a minimum, 
but If sane more reliable, %iould be used. A holding 
relay which dissipates power only %ihen actuaced Is 
desirable. At least a DPDT, crystal can slse relay with 
self-wiping contacts for dry circuit to one asp loads 
Is needed. More poles and smaller slse (TO-S) would be 
a bonus. 

Thyristor 

SCRs capable of switching up to 35 asg>s of current 
and blocking 800 volts with less than 2.5 mllliasps 
leakage at 250*C are needed for power control and con- 
trol of capacitor discharge. 

Diodes 

With many of the radiation logging tools requiring 
high voltages, there is a particular need for rectifiers 
with reverse breakdown voltages greater than 3000 volts 
at leakage currents less than 25 mlcroamps at 2S0*C. 

It Is expected that GaP devices might fill this require- 
ment, but they have remained as laboratory specimens 
rather than commercial catalog items. 

Capacitors 

Capacitors with the low dissipation factor of Tef- 
lon (0.5%) over teuperature , the TC of NPO Cemlc 
(> 30 ppm/*C) and a high volumetric efficiency are 
needed. Capacitors with these characteristics are 
,-.eeded particularly for applications such as active 
filters and sample emd hold circuits. Although Ruby 
Mica offers the low dissipation factor and high tempera- 
ture operation, its TC exceeds the desired ^30 ppm. 


Resistors 


or to Isolate an elrctrode from an adjacent conductive 
houslno. For tw^/eratures up to 200*C this has been 
acoo:pli.ihod b<. use of epoxy/polyimlde glass laminate 
because of Its mechanical strength and Its ability to 
be mr chined to precise dimension In any shape. The 
epoxies presently used begin to deteriorate rapidly 
with storage at temperatures above 200*C so new mate- 
rials are needed to extend this capability. 

Conclusion 

New developments and increased vendor interest In 
high temperature electronics have definitely improved 
the availability of coaponents for hostile environment 
equipment. This pap>er has attempted to show that the 
Biarket continues to expand and opportunities exit.c for 
the continued growth of ccomercial products in well 
logging services. 
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Fixed resistors using metetl films have operated 
satisfactorily up to 250°C and beyond, but a trismer 
potentiometer is needed that will maintain its setting 
over this same range of temperature. Since thick film 
resistive elements on ceramic are suitable for high 
temperature, the major factor In obtaining such a device 
is in the mechanical design of the contact and drive 
mechanism to maintain the precise setting over such a 
wide temperature range. 

Although selection of fixed resistors to compensate 
for circuit variations is an obvious alternative, it 
gives considerable difficulty in field calibration and 
alignment. 

Magnetics 


Inductor and transformer design with existing ma- 
terials has Mowed for operation up to 200"C for some 
time. Operation above this temperature for extended 
periods awaits the development of more stable magnetic 
materials and higher temperature wire insulation. 
Although the designer can remove transformers from most 
small signal circuitry, the need for power transformers 
for low loss conversion of downhole supply power Is 
still Inportant. 

Dielectric Materials 


In several types of logging tools, there is a need 
to fabricate portions of the tool from a dielectric 
material to permit the transmission of electric fields 
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PASSIVE COMPOUZIITS FOR HIGH TEMPERATURE OPERATION 
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Thin film Cecfanology haa bean well-eacabllahed 
aa a viable and necesaary part of aMdem nlcroelec- 
tronlcs. Extending the technology of thin fllna for 
uae at high taaperaturea haa required the davelopnent 
of nee naterlala and proceaaea In order to aeet the 
required electrical apeclflcatlona at elevated ten- 
peraturea. By developing thin flla coaponenta for 
high teaperature appllcatlona auch aa geotheraal well- 
logging. aircraft engine inatruaentatlon. and nuclear 
reactor aonltorlng. It will be poaalble to provide 
hl^ circuit denalty and Improved reliability. 

One of the najor objectivea In developing thin 
flla naterlala and proceaaea haa been to enaure that 
they would be fully conpatlble with standard alllcon 
Integrated circuit tecfaiwlogy. Thla would lead to 
the ability to adapt one or lore of the proceaaea In- 
to exlatlng proceaalng Itnea with alnlainii dlaturbance. 
The paaalve coaponenta auat alao be compatible with 
hybrid circuit fabrication and. If poaalble. Inte- 
grated Thermionic Clrculta. 


It coupled Into the graphite auaceptor caualng It to 
heat. Te^erature of the auaceptor la amaaured with 
a type-E thermocouple. 

The vacuum pump la a apeclal chemical-grade rough- 
ing pump dealgned to wlthatand the puaping of corroalve 
gaaea. Prior to the application of RF power, the at- 
noapherlc preaaure la reduced to the preaaure limit of 
the pump; the carrier gaa la turned on. and the prea- 
aure a at. Preaaurea of aeveral torr or leaa 

are typical, with carrier flow ratea of 0.1 to 2.0 
lltera/mln. Nitrogen, hydrogen and helium are tsrpical 
carrier gaaea. Theae are controlled with naaa flow 
controllera and the preaaure la contlnuoualy monitored 
with a capacitive manometer. 

Material aelectlon la of primary importance In 
dealgnlng high temperature paaalve conponenta. All of 
the naterlala auat have the dealred electrical proper- 
tlea, and they muat alao have conpatlble mechanical 
propertlea Including coefficient of expanalon, atreaa, 
and adherence. Without the required mechanical proper- 
tlea. the conponenta would not aurvlve long enough to 
teat. A group of naterlala that can be depoalted by 
LPCVD and which alao are electrically, chemically, and 
mechanically well-matched are: 

(1) Tungaten 

(2) Tungaten-aillcon 

(3) Silicon nitride 


Research and development work at The Unlveralty 
of Arizona has been directed toward resistors, capa- 
citors, and Interconnect metallzatlons. The use of 
Low Pressure Chemical Vapor Deposition (LPCVD) has 
been used In material development and conponent fab- 
rication. This Is a major departure from the stan- 
dard thin flla deposition method of sputtering and 
thermal evaporation. LPCVD by Its very nature la a 
process which allows the passive components to be 
fabricated at temperaturs higher than their highest 
required operating temperature. 

The deposition of thin films by LPCVD is accom- 
plished by reacting one or owre gases on the surface 
of a heated substrate. The major conponenta of an 
LPDVD reactor are illustrated in Figure 1. 



Substrate materials are equally Important for the same 
reasons: the two substrates recommended are: 

(1) Oxidized silicon wafers 

(2) Sapphire. 

The reactions to form the materials are: 

WFg + SHj ♦ W + 6HF 

WF, + SIH, + H, - W - Si + HF 
o 4 2 

3S1H^ + 4NHj -► SljN^ + I 2 H 2 

Not only must the materials be compatible, but so also 
must the deposition reactions at elevated temperatures 
so chat the deposition of one material does not destro" 
Che previously deposited thin film layers. 

Delineation of the materlalF Is accomplished with 
standard equipment and processes used In silicon IC 
fabrication. The thin fll a can be etched by wt chem- 
ical etches, or by plasma etching. Negative photore- 
sist has been used since the developers for positive 
photoresists are basic and therefore tend to etch the 
tungsten. 

Specifications for thin film resistors required 
stable operation to 500° C. with temperature coefficients 
of reslstano* (TCR) less than 50 ppm/^C. over the entire 
temperature range. The material selected foi the re- 
sistors was vungsten-slllcon deposited by LPCVD. The 
characteristics of the tungsten-silicon can be adjusted 
to meec tit. requirements of high temperature operation, 
stability, and low TCR. 


Figure 1. Flctoral representation of the major In- 
ternal components of the LPCVD reactor. 

The substrates to be coated are placed on the 
graphite susceptor and then loaded Into the center of 
the quartz reaction tube. RF power Is applied to the 
coll on the outside of the reaction tube which In turn 


Tungsten-silicon Is grown from the reaction of 
tungsten hexafluoride, silicone, and hydrogen: 

WFg + SIH^ + *■ W •• SI + HF + Hj 


The ratio of tungsten to silicon can be varied. The 
TCR con be made both positive or negative depemllng on 
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the pruceee paruetera used. Figure 2 la a rcalatance 
vs. teaperature curve for a W-Sl resistor. Typical re- 
sistivity of the tungstei. silicon used for the resis- 
tors Is 2,500 pfl.ca. Sheet resistors rsnge froa 50 to 
1000 n/Q and TCR values froa -50 to 50 ppa/°C. The 
process Is coapatlble with silicon IC fabrication and 
thin flla capacitor processes. 



Figure 2 ; Resistance versus tesiperature curve for a 
W-Sl thin flla resistor TCR ~ +6 ppm/°C. 


The thin film capacitors are designed to operate 
from room temperature to 350° C. and to fill the need 
for high temperature capacitor with capacitance up to 
0.1 uF. Work voltage Is specified at two points: 

(1) 50 WVDC at 25° C. 

(2) 20 WVDC at 350° C. 

With a 20-volt bias applied across a capacitor 
at 350° C., the DC resistance snist be greater than 

1 X 10 ’' a. 

Dissipation factor is required to be less than 
0.010 at 1 KHz. over the above temperature range. 

Capacitors are parallel plate structures using 
oxidized silicon wafers as substrates; however, sapphire 
could be used. A cross-section Is Illustrated In 
Figure 3. 


tiLicos •■'•Mm'S 
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Figure 3 ; Crc ss-sectlon of thin film capacitor. 

Tungsten Is used for the parallel plate 
electrodes, and silicon nitride Is used for 
the dielectric layer and the passivation. 
All materials with the exception of the al- 
uminum bonding pads are deposited by LPCVD. 


The electrodes are tungsten and the dielectric layer 
and passivation ate silicon nitride. Bonding pads are 
thermally evapc rated aluminum. 

With LPCVD deposition of the layers, pinhole prob- 
lems In the nitride have not bean encountered, and It 
has therefore been possible to fabricate capacitors 
with seversl square centimeters area. Typical capaci- 
tance Is 0.02 pF/ca.^; areas as large as 4 cm. have 
been used. 

The relative dielectric constant of the silicon 
nitride Is 8.6 and the dissipation factor due solely 
to the silicon nitride Is 0.0002. Forlarge value ca- 
pacitors, the series resistance term becomes the domi- 
nant factor In Increasing the dissipation factor. The 
total dissipation factor Is generally less than 0.003 
at 350° C. and 2.0 KHz. 

In order to meet the DC resistance requireisents, 
t Is necessary that the silicon nitride have very low 
> jnductlvlty. The conductivity Is a function of both 
he tesiperature and the applied electric field so both 
ajst be considered when designing a capacitor. Capac- 
itors which mre fabricated exhibited a temperature co- 
efficient of capacitance of approximate!; T70 ppm/°C.; 
a typical capacitance-temperature relationship Is ahown 
In Figure 4. 



TM!p«r«tur«« 

Figure 4 ; Capacitance as a function of temperature 
for a thin film capacitor. 


The processing needed to form high temperature 
capacitors vlth areas up to 4.0 cm.^ and capacltanrc 
va'ues to 0.1 pF has been developed to the point where 
It can be ttansferred to cotoMrclal production. 

Table I shows the salient features of the process. 

By extending the use of the LPC’/D tungsten. Inter- 
connects between passive components can be formed. If 
the tungsten Is deposited directly over the surface of 
a silicon wafer that has been processed to the point 
where it Is ready for the metallization, tungsten can 
be substituted for the normal aluminum Interconnect 
metallization. 

Aluminum as an Interconnect metal on silicon Inte- 
grated circuits has a number of problems when high cur- 
rent densities and high operating te^ieratures are 
present. Under these conditions, rlectromlgratlon 
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of tha •lualnua can occur, caualnc tha phyalcal trana- 
port of silicon out of tha contact ragions of tha sili- 
con. 

TABLE I 

'HIGH TEMPERATURE CAPACITOR MANUFACTURING PROCESS 

1. LPCVD TUNGSTEN - 2,000 A. 

2. PHOTOLITROGRAPHT - '.OTTOH ELECTRODE 

3. LPCVD - SljN^ (3500 A) FOLLCMED BT LPCVD TUNGSTEN (2000 A, TOP ELECTRODE) 

4. PHOTOLITffiJCRAPHT - TOP ELECTRODE 

5. LPCVD - SljN^ (1,000 A, PASSIVATION) AND LPCVD TUNGSTEN (2,000 A, USED AS ETCH MASK) 

6. PHCyrOLITBOCRAPHT - CONTACT WINDOWS IN TUNGSTEN ETCH MASK. 

7. ETCH SljN^ 

8. PHOTOLITHOGRAFHT - REMOVE ETCH MASK 

9. ALUMINUM CONTACT EVAPORATION 

10. PHOTOLITROGRAPHT - ALUHINUH CONTACTS. 

11. TEST. 


Failure of the Interconnect then occurs; the failure 
rate Is accelerated as t'.ie teaq>erature Is Increased. 
Failure can also occi" because of poor step coverage 
of the aluminum used In silicon IC. Tapered regions 
In the interconnects often form in the bottom of the 
steps during the deposition process. 

Tungsten was Investigated as a possible material 
for use with high temperature silicon IC to avoid the 
problem of premature failure of the metallization at 
elevated temperatures. 

The contact regions between the tungsten Inter- 
connect and the silicon must form ohmic contacts. 

This was investigated as a ftmctlon of silicon doping, 
process paraaeters In the t'jngsten deposition and tem- 
perature. Ohmic contacts were fanned In both n- and 
p- type silicon for phosphorus doping levels of 4 x 
10 *® cm.”® to 5 X 10 *® cm.“® and boron levels of 2 x 
10*^ cm.”® to 1.0 X ip®® cm.”®. The ohmic character- 
istic of the contact Is seen In the linear I-V rela- 
tionship for a 10 um X 10 wm contact shown in Figure 5. 



Figure 5 : I-V curves for ohmic contacts to n- and p- 

type silicon. The solid line represents tungsten met- 
allization, and for the comparison, the dashed line is 
for an alumlnum/slllcon contact to n-type material. 


Tests for electromigration were made using two 
metallization strips; each strip was 10 pm vide and 
0. j pm thick. They were designed so that the current 
could be Injected Into or brought out of the tungsten 
through a silicon contact or through the tungsten alone. 
One strip was designed to traverse .5 pm of oxide strips. 
The contact resistance between the silicon and tungsten 
could also be monitored separately. 

No evidence of electromigration was seen In the 
tungsten at current densities of 4 x 10® A/cm.® for 72 
hours. Tests were run at substrate temperature from 
25° C. to 300° C. The actual temperature of the Inter- 
connect was somewhat higher due to the power dissipated 
by the r^st current. 

Cr .deal current densities (current density at 
point of Interconnect failure) were 4.5 x 10® A/cm.®for 
SI 3 N 1 , passivated tungsten, and 5.7 x 10® A/cm.® for 
hy^ 0 en-annealed tungsten. 

SEN microphotographs of the tungsten over oxide 
steps Indicated excellent step coverage. No failures 
due to exceeding the critical current denslt-es occur- 
red In the step regions. 

Schottky diodes ifere also formed between the tung- 
sten and the silicon wafer; however, they were leaky. 

It Is now felt that the leakage current was the result 
of Improper diode design rather than an Inherent prob- 
lem In forming good Schottky diodes between silicon and 
LPCVD tungsten. 


This work was sponsored by Department of Energy, 
Division of Geothermal Energy. 
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DEVELOPMENT OF AN 1100°? CAPACITOR* 


Robert E. Stapleton 
Panelvislon Corporatiori 
26S Kappa Drive 
Pittsburgh, PA 15238 


SUMMARY 

The feasibility of developing a high 
temperature capacitor for liooop operation 
which is as small and light as conventional 
capacitors for normal operating temperatures 
is discussed in this paper. 

Pyrolyic boron nitride (PBN) was select- 
ed for the dielectric after evaluating three 
other candidate materials at temperatures up 
to llOOOp, PBN capacitors were made by slic- 
ing and lapping material from thick blocks 
and then sputtering thin film electrodes. 
These capacitors had breakdown strengths of 
7,000 volts per mil and a dissipation factor 
of less than 0.001 at 1100°P. 

Additional processing improvements were 
made after testing a multi-layer or stocked 
PBN capacitor for 1,000 hours at 1100*^. 
Sputter etching the wafers before depositing 
electrodes resulted in a 2-3 fold reduction 
in dissipation factor. A sputtered boron 
nitride film applied to the outer electrode 
surfaces produced a more stable capacitor. 
This data will be presented together with a 
design for a 0.1 jiF capacitor and a summary 
f'f PBN wafer fabrication costs. 

INTRODUCTION 

Capacitors were one of the electrical 
components that limited the operating temper- 
atures in the advanced electric power systems 
being developed for spacecraft in the 1960s. 
As electric power requirements in spacecraft 
increase, the amount of power lost as heat 
also Increases. This heat must be removed to 
keep temperatures from building up beyond the 
operating limits of the electrical compo- 
nents. Specially designed mica capacitors 
were available for 750Op operation but these 
devices were larger and heavier than standard 
units. Ill order to buito a higher tempera- 
ture-lightweight capacitor, a better die- 
lectric was needed. 

MATERIAL SELECTION 

At least ten c'ifferent dielectric mater- 
ials were considered initially as candidates 
for a high temperature capacitor. From pub- 
lished data, four likely materials were sel- 
ected for test: single crystal AI 2 O 3 , poly- 

crystolline AI 2 O 3 , hot pressed BeO and pyro- 
lytic boron nitride (Pyrolytic boron nitride, 
formed by a chemical deposition process at 
3600°F, is a denser and purer material than 
compressed and sintered boron nitride) . 

Wafers were sliced from blocks or pieces of 
the candidate mate? lals and then lapped and 
polished. Since capacitance varies inversely 
as the thickness of the dielec*ric material, 
the wafers were made as thin a^ practicable. 
The thinnect wafers were produced from pyro- 
lytic boron nitride (PBN) . This material is 


soft (Moh's scale-2) and less brittle. It 
was found that PBN could be lapped into flex- 
ible, pin-hole free wafers as thin as 0.0004 
Inches from thick blocks of starting material 
( 1 ) . 

After careful cleaning, thin film elec- 
trodes of platinum - 20 % rhodium were applied 
by DC triode sputtering. Glass masks were 
used for pattern definition. A small test 
furnace was built to fit inside an 18-inch 
glass bell jar tnat was pumped to the test 
pressure of 1-4 x 10-7 Torr with a liquid 
nitoogen trapped diffusion pump. Elec- 
toicai tests of the .single wafer capac.itors 
in vacuum at temperatur'ss up to 1100 ®P 
showed that pyrolyic boron nitride was by 
far the best material. The dissipation 
factor of PBN capacitors was less than 
0 . 001 , 10 to 100 times better than that of 
capacitors made from the other candidate 
materials as shown in Figure 1. 



Figure 1. Comparison of Dissipation Factor 
Ver.suB Temperature for Candidate 
Purity Materials. 
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Figure 2 shows that the change In capacitance 
from room temperature to llOflOF was minus 1.7 
percent compared with plus 10 percent for 
single crystal M 2 O 3 . The measured DC break- 
down voltage was 7,000 volts per mil for a 
0.001 inch PBN capacitor at 1100®P, compared 
to 1800 volts per mil for the closest com- 
peting material (single crystal AI 2 O 3 ) . 


The platinum sputtering targets were posi- 
tioned on opposite sides of a wafer. The 
wafer was clamped between two glass masks as 
shown in Figure 4 so that both surfaces of 


TOP MASK 
WAFER NO. I 


To obtain higher capacitance units, 
individual PBN capacitor wafers were shaped, 
electroded with sputtered platinum and stack- 
ed. Actual capacitor wafers (rectangular and 
round with tabs) are shown in Figure 3. 


WAFER NO^ 


WAFER NO^ 


BOnOM SURFACE 


TOP SURFACE 


WAFER NO. 1 
WAFER NO. 2 
WAFER NO. } 
WAFER NO. 4 
WAFER NO. S 


PARAUIL INTERCONNECT (ON SCICME 


A Five-Layer Stacked Capacitor 
Showing Tabbed Wafers and Electroue 
Geometries and Electrode Orienta- 
tion Necessary for Parall * 
Electrical Interconnection. 


Figure 3. Photograph of Rectangular PBN 
Capacitor Wafers and tabbed 0.750-inch 
diameter wafers. 
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TABLE 1 

Pyrolytic Boron Nitride Capacitor Compared with Lower-Temperature Capacitors 


Capacitor 

Type 

DC 

Working 

Voltage 

Maximum 
Operating 
Temp. (°F) 

Capacitance 
per Unit Volume 

()iF/in.3) 

Volumetric 

Efficiency 

()iF-V/in.^) 

Capacitance 

Change from Dissipation 
Room Temp. Factor 

to At 1 kHz 

Metallized 

Polycarbonate 

600 

200 

0.54 

320 

200°F,+1% 0.002 

at 

200°F 

Teflon, Foil 
Electrodes 

200 

400 

0.64 

127 

400°F,-4% 0.001 

at 

400°F 

Mica 

(commercial) 

150 

750 

0.13 

19 

750*^F,-4% 0.02 

at 

750®F 

Mica 

(experimental) 

250 

900 

0.03 

8 

900°F,-25% 0.10 

at 

900°F 

Pyrolytic 
Boron Nitride 
(S-wafer stack) 

500 to 
1000 

1100 

0.8 to 1.74 
(uncased) 

400 to 1740 
(uncased) 

400°F,-05% 0.001 
il00°F,-17% 0.003 

at 

at 

400°F 

llOOOF 

•Values are typical for 

the general 

types of dielectric systems indicated. 




Electrode thickness is negligible (about 
0.00001 inch) making the total stack height 
essentially the sum of the thicknesses of the 
PBN wafers. This construction produces high- 
er capacitance per unit volume than that of 
other capacitor types, and also considerably 
higher volumetric efficiency. These and 
other qualities are compared in Table 1 for 
a PBN capacitor and several commercial 
capacitors. 




«■ • function of TIm «nd Ineroaaod DC en«r 9 iiln 9 
Voltofot for • rivo*««for NuUl*Uyor fyrolytle 
■oren Mitrl4o Copocitor with Sputt«r«4 
flatinta Cloetrodo* in Vaevtai «t HOO* f 


A 5 wafer PBN capacitor was life tested 
at llOOC'F in vacuum for a total of 1120 hours 
at a DC voltage stress up to 1,000 volts per 
mil. Figure 6 shows the change in dissipa- 
tion factor and capacitance as functions of 
time and increasing voltage. Note, however, 
that a more rapid change in capacitance 
occurred at 477 hours which corresponds to 
an increase in energizing voltage from 750 
to 1,000 volts per mil. Subsec[uent analysis 
showed that these changes were probably due 
to a slight separation of electrodes from the 
wafer surfaces in the stacked capacitor. 

FABRICATION IMPROVEMENTS 

Two methods were developed to improve the 
electrode adherence on PBN wafers in a 
stacked capacitor. The first method was to 
RF sputter etch (texturize) both surfaces of 
a PBN wafer just prior to depositing elec- 
trodes. This treatment produced an ultra 
clean surface end electrode adhearance values 
greater than 1,000 psi. A 2-3 fold reduction 
in dissipation factor was an unexpected bonus 
compared to capacitors made without etching. 
The reduction in dissipation factor is attri- 
buted to the removal of mechanically disturbed 
surface layers produced during final lapping. 
About 3,000 angstroms was removed from each 
surface of a PBN wafer by sputter etching. 
Removal of additional material had a negli- 
gible affect on dissipation factor. 

The second improvement was to deposit a 
diffusion barrier layer over the outer sur- 
faces of each electrode to prevent inter- 
electrode bonding in a stacked capacitor. 

Boron nitride was RF sputtered from a PBN 
target using a glass mask to protect the 
contact tabs. About 500 angstroms of boron 
nitride was deposited on each electrode at 
70 angstrems per minute. 

A three wafer capacitor was tested that 
incorporated these improvements (sputter 
etching and BN barrier layers) . Figure 7 
compares the rate of change in capacitance 
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HIGH-TEMPBRATURE MEASDREHEHTS OF Q-FACTOR IH ROTATED X-COT QUARTZ RES(»1AT0RS* 

1. J. Frit! 

Sand la National Laboratories^ 

Albuquerque. N. M. 87185 


The Q-faetora of plesoelectrlc resonators fab- 
ricated froa natural and sjrnthetlc quartz with a 34° 
rotated Z-cut orientation have been neaaured at tea- 
peratures up to 32S°C. The synthetic aaterlal, which 
was purified by electrolysis, retains a high enough Q 
to he suitable for hlgh-teaperature pressure-trans- 
ducer applications, whereas tte natural quartz Is 
ezcessively lossy above ^ lOCrC for this application. 
The present results sre coapsred to results obtained 
previously on AT-cut resonators. 

Introduction 

Quartz-resonator pressure transducers are being 
developed at Sandia National Laboratories for hlgh- 
tenperature (k 300°C) applications in geotechnology 
areas.* Areas of partiralar interest include survey- 
ing of geothemal and deep oil and gas resources. In 
order for a crystal resonator to be used as a pressure 
gauge, the effect of teuperature changes on the res- 
onator frequency uust be ulniwlzed ceupared to the 
pressure-induced frequency shift. Thus it Is desirable 
to use a resonator design that Is tesperature-coapen- 
sated to as high a degree as possible over the ten- 
perature range of Interest. Plate resonators operating 
In the thickness shear node are generally utilized In 
tenperature-conpensated applications, as they have 
turnover points in their frequency vs tenperature 
characteristics. This neans that the derivative 
df/dl (f ■ frequency. T - tenperature) la zero at sone 
appropr^te tenperature. For applications around 
200-300 C. a rotated Z-cut orientation of the resonator 
plate has been shown to be nore suitable than other 
tenperature-conpensated orientations because It 
exhibits a lower curvature of f(T) at the turnover 
point.* The geonetry of the rotated X-cut plate is 
shown in Fig. 1. Here a rotation angle of 6 • 34° is 
shown, as this Is the angle that provides conpensatlon 
In the tenperature range of Interest. 



Fig. 1. Illustration of the 34° rotated X-cut 

orientation used for tenperature-conpensated 
pressure gauge applications. 

A nore detailed description of the pressure gauge 
being developed can be found In Ret. 1. 

Although the rotated X-cut orientation has been 
found to be optlnun fron the viewpoint of its frequency 
vs tenperature and pressure characteristics, there are 
no data in the literature on the Q-factor of resonators 
with this orientation. For stable and reliable gauge 


operation It Is necessary to have a Q of ever o. 10* for 
all operating tanperaturea.* It la known fron prevlour 
work on quartz that the Q depends on a nunber of factors 
including crystalline orientation, growth conditions 
(natural or synthetic), sanple preparation, and the 
nunber and type of defecta present. The present work 
was undertake to characterize the tenperature depen- 
dent Q-factor of rotated X-cut quartz resonators 
fabricated both fron natural and synthetic (electrol- 
yzed) naterlal. 


Four sanples were studied In the present Inves- 
tigation: two natural quartz sanples fron Boffnan and 

two synthetic quartz sanples fron Sawyer. The Sawyer 
naterlal was electrically swept (electrolyzed) at 
Sandia. Plano-convex resonators with deposited Au 
electrodes were fabricated and then nounted in her- 
aetically sealed cans. The sanples were heated In a 
tube furnace, and care was taken to stabilize the 
teeq>erature before taking each Q neasurenent. 

The simple apparatus used for the Q neasurenents 
is shown in Fig. 2. 


TEST APPARATUS 



Fig. 2. Apparatus used for Q measureaents 

The output of a frequency aythesizer Is used to excite 
the resonator and Is slnultaneously applied to the 
reference terminal of a vector voltneter. Current flow 
through the resonator la nonltcred via a current 
viewing resistor, the voltage across which Is applied 
to the signal Input of the voltneter. To ensure that 
the resonator is excited by a low Impedance source, the 
output of the synthesizer Is shunted by the resistor 
shown- to the left of the resonator la the drawing. 

With this arrangement the voltmeter measures the complex 
admittance of Che resonator. Provided Chat the res- 
onance Is sufficiently strong, the width (at the half 
power points) of the resonance Is the difference of the 
frequencies f^^ and where the current and voltage 

are + 45° out of phase.* For the resonators used In 
the present work, the resonances were somewhat weaker 
than expected under ideal conditions. Because of this, 
it proved Impractical to measure Q values below about 
5 x 10* readily, as doing so would have required a 
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polnt-by-polnt tracing out of the 
the conplex ednlttance plane.’ 


reeonance circle 


In 


► ***^* preeented In this paper were obtained 

at the thU^ overtone (f*#3 HHe) of the reeonatoro. 
teaonator date are typically obuined at the fifth 
horimle, <but for the preaent devlcee the third har- 

"r*^j^J***^^**^ * •***•“' Q and a stronger resonance 
chan did the fifth. 


Resulta 


Tplcal data showing the tenperature-lnduced 
5_r! ^ raaonance frequency for a 6 - 34. o“ rotated 
X-cut resonator at atnospherlc pressure are shown In 

• 3 e 



"Fig. 3. Fractional change In resonant frequency vs. 

tenperature for a (contoured) rotated X-cut 
resonator. 



acoustic loss Q up to 

325 C. Data were taken at 3 MHz (3<J harmonic). 

Data obtained for a sample of synthetic swept 
^rtz are shown In the bottom part of Fig. 4. The 
dramtic Improvement due to the electrolytic purlfi- 
catlon is Inedlately apparent. Since the Q Is more 
t^ 2.5 X 10 over the entire range of temperature. 

It appears that synthetic swept quartz Is suitable for 
pressure gauge applications. Data obtained on the 
other s^le of swept synthetic material are similar to 
^ose shown In Pig. 4. An Important point to mention 
with reprd to the present data Is that the actual 
totrlnslc Q of the swept synthetic material may be 
higher than the data Indicate. This Is because the 
res^tors were plated and the resulting stresses may 
dom^te the loss for high quality quartz. Previous 
workers have noticed this effect, ‘ and for reliable 
measurements of Q ^ lo® it is advisable to drive the 
resonator by capacitive coupling across a gap. 


Also shown In this figure is the magnitude of the 
frequency shift produced by a pressure Increase of 
100 psl for an actual pressure gauge at 275°C.* For 
the resonator measured, the turnover point Isat 300°C, 
compared to the value of 220°C expected from the data 
In Ref, 2. The shift In turnover point Is believed due 
to the resonators In the present work being slightly 
contoured whereas the previous work pertains to flat 
plates. 

Typical data for Q as a function of temperature 
are shown U Fig. 4. The quantity actually plotted 
the loss Q (on a logarithmic scale) , as Is conven- 
tional. The upper curve Is for the natural (unswept) 
material. For this sample there Is a loss peak at 

Increase of loss with temperature 
a^c 200 C. As mentioned above. It was not convenient 
with the simple apparatus utilized to measure values of 
Q much lowr chan 5 x 10®. However It was observed 
that Che loss did continue to increase with Increasine 
temperature up to 300 C. 


Discussion 


XB ux 


with th„»» „i.f » f compare the present results 
with those obtained In previous studies of resonator 
loss as a funccfon of temperature. Most of the 
prwlous work In this area has been done on AT -cut 
thickness shear resonators. The extensive early work 
that was done has been reviewed by Fraser,® who dlscus- 
ses detail the efferts of Impurities, radiation, and 
electrical sweeping or. the temperature dependent 
acoustic loss. Nowl.:k and Stanley’ have given a group- 
theoretical analysis of dielectric and acoustic re- 
laxation In quartz and have used the results te 
'nterpret data In the literature. 

From syoBetry considerations, Nowlck and Stanley 
have argued that all pure shear mode deformations will 
couple to relaxatlonal normal modes transforming 
according to the doubly degenerate E representation of 

thickness s^r mode Involves a puce shear deformation, 
and since the rotated X-cut thickness shear node Is 
very nearly a pure shear mode,’ one would expect sim- 
ilar anelastlc behavior for the two different ori- 
entations. Of course, the magnitudes of the aneUstlc 
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relaxations cannot be deduced from symmetry arguments. 
NonetheleaSi It la not particularly surprlalng that 
the data of Fig. 4 are somewhat similar to previously 
published data on AT-cut. resonators fabricated from 
natural and swept-synthetlc quartz. 

The previous work'** on anelestlc loss In quartz 
resonators has led to a partial understanding of the 
relation between various Impurities In the samples and 
the various loss peaks observed. Unfortunately, the 
behavior at low temperature Is better understood than 
at high temperature. All quartz, natural or synthetic, 
contains a significant number (i 5 ppm) of aluminum 
(A1 +) Impurities which substitute for silicon In the 
lattice. These defects are charge-compensated by 
^kall Ions (Ma , LI or at Interstitial positions 
adjacent to the Al. Compensation by protons Is also 
possible. The motion of the Interstitial Ion among 
equivalent positions in response to the acoustic stress 
is an important mechanism for producing acoustic loss. 
Careful electrolytic sweeping can remove the alkali 
Impurities, and it Is believed that protons or, in 
certain cues, holes provide charge compensation 
of the At* . Water may also be Incorporated Into the 
quartz lattice (eg during growth) by replacing a 
Sl-O-Si bridge with two Sl-O-H structures. 

, „ uatural quartz the rapid rise In loss above 
200 C as seen In Fig. 4 la believed due to alkali dif- 
fusion in response to the applied stress. Removal of 
alkalis by electrolysis is necessary to reduce this 
source of loss. The loss peak shown at 70°C in 
Fig. 4 nay be of the sane origin as a similar peak 
observed In natural Brazilian opaline quartz and in 
fast z-growth synthetic quartz.' It appears to be 
associated with OH bonds. 


5. A. S. Nowick and M. W. Stanley, In Physics of the 
Solid State, ed. by S. Balakrlshna et al., 
(Aca demic, New York and London), p. 1S3 (1969). 

•This work was supported by the O.S. Department of 
toergy. Office of Basic Energy Sciences, Division of 
Engineering, Mathematics and Geosciences, under 
^contract DEAC04-76-DP00789. 

AO, S. Department of Energy facility. 


The data for synthetic quartz In Fig. 4 do not 
show any evidence of acoustic loss peaks. The previous 
work on AT-cut resonators has shown that loss peaks 
usually are observed, but that they are quite weak. It 
appears that the background loss due to electroding and 
mounting may have obscured any small loss peaks in 
the present aeasurements* 

Conclusions 


Two main conclusions may be drawn from the present 
work. The first is that the acoustical loss properties 
of rotated JC-cut resonators appear similar to those 
of the widely studied AT-cut. Thus most past 
experience on AT-cut resonators may provide a 
valuable guide in designing devices using the rotated 
X-cut. The second conclusion is that electrolytlcally 
swept synthetic quartz appears to have sufficiently 
high Q for pressure gauge applications, whereas 
natural quartz is unsuitable for temperatures above 
200 C. 
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A88B88WHT OT BKX TBMPBIATOU ICIAUIZATIQm FOk ih AMD CMOS 
TBCHSOLOGIBS 


A. Chrlitou and B. B. Hilkiu 
Naval Kaaearch Laboratory 
Haahlngton, D. C. 20375 


Introduetioa 


oroe^'**hl-^****'“ •*^*** t«perature eleeCronica 

progra, hi^ taparatura barriar aealUcatioa ware 

aaeaaad ad ceated for I*L ad CMOS applleatioa. Life 
to 375*C in via of the -55"c to 
aatabliahad for agine-locatad 
alactroniea without fuel coaling. 

•!5*.5J^~'**'***'*y “t«lliatioM avaluted ware 
Au-TiM-PtSi, Au^TiH/TiOj/TiN-PtSi ad Au-TlH(H)-pt8i. 

‘herally aaaalad to 

at lea t 375 C for up to 250 houra. The critiul re- 
quiraent for ataie diffaion terrier ia the TiW grain 

<«0*-500X) fila were obaerved to be 

in^te ^ * f' ®*>*“***‘®® TiW diffaion terrier 

« tte preai-nce of oiygen ad nitrogen also reaulta a 

te 100 *ho‘''* ‘•iTe teata at 340“c up 

to 100 hours have been coapleted. ^ 

by tte®Tw'’“Jrrhf ^ -«-« penetration 

-K. “•* PtSi/liW interface, the re- 

diatributxon of oxygen father paaaivaCea the ayata by 
forang a TiOj layer at the interface. Charact«i«atKn 

of I L devicea aubjected to 340®C anneals will al,o be 
preseiitOQa 


and PtSi ora shown in Pigur 1. At 375“r i 

enhacaat of the diffaion bataan Si and Miij.^Thi. 


High Taarat ae Metalliatioa 
The Au-TiW Syf«. 

i«crdiffaion 

^1. ^ A j-refractory fila aed in devices 

^ "Sleeted "substrate" effects. It ia recognised 
that the aubatrate can be a very active aaber of dif- 

d^ion ote" " ““T accelerate degra- 

terrier conductor ad rofractory 

Au-Ti(wrfnl^“f ‘‘*^^*** taperature reliability of 
^ taperatae applicatioa, we 

ca^re the role that 3 different intervening lawrs on 
silicon aubsteates play in the stability of these metal- 
lisatioa. These layers are PtSi, SiOj and SijM^. Each 

Thfli incorporated in 

MPTS. The SijH^ IS used for passivation ad the PtSi 

layer ia used as the olmic contact. 

ine <lcpoaition condition, giv- 

TABLE I 

Deposition Conditions for Sull Grain Size 
liW Diffusion Barriers 

Film Thickness 12ooX - iBOoX 

HP Sputtered Ti u 

0.3 "o.7 Target 

Substrate Taperature 120^C 

Resistivity of TiH 77 „ q„ 

Cram Size 250 - 750l 


SM«ITi)-As 
37H"C MHRS. 


» So 2n 2» 

SPUTTERING HME OHINI 

IBI aOj-WITil-Au 
37S”C 2S HRS 



SO 40 60 BO too 120 140 160 180 200 
SPUTTERING TIME (MINI 


a-POi-WITil-Au 
37S‘C 24 HRS 


The differences in the Ti(W) reaction with Si, SiO, 


0 » oib 60 00 100 120 140 ira 160 2bo 

Figure 1. Diffaion profilesof the TiW diffaion 

terrier. (A) Silicon substrate, (B) Si0,/Si 
substrate, (C) PtSi/Si 

is as expected fra the diffaivities of these systa. 
lAich is of the order of lo”^® ca/sec L<l»w<>. »k 
interdiffaion effects ore ninial betaen SiOj and * 

PtsV i^ Haever, when the layer is 

resuitiL tor Silicon ateas 

filR. The aoat of Si detected in the Ti(W) fila !■ ^ 
not satisfactorily explained fra a solid solubility 


% 


•rgiHMnt • These reeulte agree with our previoue work 
with Te on Si end PtSi and with Sinha'a work with VSi. 

2 

formation on Pt8i-8i eubotratea. The eacaea eilicon in 
the TiM will reault in a refractory lilicide formation 
at hi^er tamperaturea . Our eoneluaion, te date, ia 
that the ^TiH ayetam with email grain TiM ie atabla 
up to 375 c. 

S£_2dde^Bitrl^_Aioiated_Diffueion_Barriere 

The depoaition of TiH in the precenee of oiygen 
overpresaure or nitrogen haa been determined to improve 
the overall thermal stability of the TiM diffusion bar- 
rier. An overpressure of lo“^ Torr of oiygcn or nitro- 
gen was used in each case resulting in Titaniia nitride 

psssivation of the TIM grain boundaries Since the 
Pfi***y diffusion medisnism at temperatures below 500“c 
gP^n boundary diffusion, cha formation of TiM at 
the TiM grain boundaries inhibits significant grain 
boundaries op to 450"c. The Att-TiM(TiH)-PtSi systw 
was found to be stable up to 450“c as shown in Table IT, 
where the at. Z Si and Au detected in the bulk of the 
TiM by energy dispersive x-ray analysis is - -mei ii i il 

TABLE II 

Evaluation of the TiM(TiH) Diffusion Barrier 
up to 450“c 


Anneal Temperature at. Z Si at. Z Au 

(100 hrs) Detected in TiM(TiH) 


300*C 

HD 

HD 

340"c 

1.1 

1.0 

350“C 

1.8 

2.0 

400“c 

2.5 

3.0 

450“c 

4.2 

6.5 


However, at 450 C, the significant observation is that 
Silicon was not observed in the Au overlays; thus show- 
ing the overall stability of TiM<TiH) as a diffusion 
barrier. 

ih. Test Elements With Au-TiW Metallisations 

^ part of the Havy's Hi^ Temperature Electronics 

a custom I^L metallisation teat mask set has been pro- 
cessed using the Au-TiM-PtSi system. The test mask 
includes a number of different test elements which are 
aimed at deteruning design constraints on olaic con- 
f*cts, metal width and spacing. Also included are sym- 

2 

Mtrical cell I L logic gates and ring oscillators. The 
initial test results look premisio^ in that 2 of 6 (8Z) 
of the oscillators failed within 775 hours. A total of 
six oscillators have now reached ?a0 hours with no 
failures. These tests are cootir:;iing and additional 
refinements to the metallisation wUl be incorporated 
• 2 

in^ the I L devices to be processed in the future. 
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Abstract - In this paper we present the initial 
results of work on a new class of semiconductor metal- 
Izatlons which appear to hold great premise as primary 
metallisations and diffusion barriers for hl^-tempera 
ature device applications. These metallisations consist 
of sputter-deposlted films of high-Tg amorphous-metal 
alloys which (primarily because of the absence of grain 
boundaries) eichibit exceptionally good corrosion-resis- 
tance and low diffusion coefficients. Amorphous films 
of the alloys Nl-Nb, Hi-Ho, W-Si, and Mo-si have been 
deposited on Si, GaAs, GaP, and various insulating sub- 
strates. The films adhere extremely well to the sub- 
strates and remain amorphous during thermal cycling to 
at least 500°C. Rutherford Backscattering (RBS) and 
Auger Electron Spectroscopy (AES) measurements Indicate 
atomic diffusslvities in the lO”!^ cmVs range at450“C. 

INTRODUCTION 

One of the most difficult problems associated with 
the design of sesiiconductor devices intended for high- 
temperature operation is that of finding a suitable 
metallization system for providing contacts to the semi- 
conductor. Typical difficulties which limit the life- 
time of semiconductor devices at high temperature in- 
clude: ( 1 ) altered electrical behavior caused by inter- 
diffusion of metal and saniconductor; ( 2 ) dimensional 
changes or embrittlement caused by compound formation, 
or grain-growth; and (3) catastroidiic metallization 
failure due to electromigration. These siust be consid- 
ered as intrinsic failure modes in the sense that, while 
they may vary in absolute and relative importance from 
one system to another, they must always be present to 
some extent. Furthermore, all of these failure modes 
Involve diffusive transport within and/or among the 
metal and semiconductor layers, and increase roughly 
exponentially with increasing temperature. The design 
of high-temperaturemetallizations, therefore, necessar- 
ily involves a search for means to impede atomic diffu- 
sion within the metal-semiconductor system. The most 
common approach to the problem of limiting diffusion 
between dissimilar materials involves the use of inter- 
vening metallization layers which {ire Intended to act 
as diffusion baurriers. A well-kno%m example is provided 
by the Tl-Pt-Au metallization which is used in the 
"Beam-Lead" technology [1,2]. This metedllzation (on 
Si) has survived brief stress-tests at over 400"C, but 
degrades rapidly at all temperatures adxive 350°C [2]. 
Similar results arc obtained with many other diffusion 
barriers [3] . The reason for the failure of convention- 
al paissive diffusion baunriers xs simple, but has only 
recently become well-recognized: Diffusive transport 

in polycrystalline thin-films is dominated by diffusion 
along grain boundaries and dislocations at all realist- 
ic operating temperatures [4] . The barrier layer can- 
not be fully effective if it is, itself, a thin, poly- 
crystaUpline film. Nicolet has recently given a compre- 
hensive review of thin-film diffusion baurriers [3] , in 
which the importance of grain-boundary diffusion is 
highlighted. In addition to reviewing the shortcomings 
of traditional diffusion barriers, Nicolet discusses 
more sophi. tlcated concepts including "stuffed barriers" 
(in which the grain boundaury paths aire blocked by suit- 
able impurities) and "thermodynamically stable" barriers 
(which utilize stoichiometric compound barriers such as 
transition metal nitrides or borides) . In the present 
paper, we present an alternative approach to the design 
of high-temperature metallizations. We propose the use 


of sputtered amorphous metal films, either as primary 
metallizations, or as thin diffusion-barrier layers be- 
tween conventional polycrystalline films. 

Amorphous metallizations are easily produced by 
sputtering from various transition-metal and transltion- 
metal/metallold alloys. As noted above, most of the in- 
herent reliability problems of conventional metalliza- 
tions are associated with polycrystadlinity au»d atoadc 
motion. In amorphous metals, there are no grain bonnd- 
auries or dislocations, cuid diffusive transport is Uius 
determined by bulk diffusion coefficients [5,6] . As a 
consequence, diffusive transport in amorphous metal 
films can be orders of magnitude slower tham in poly- 
crystalline films of comparable composition. It is 
primarily for this reason that we believe amorphous 
metal films constitute aut interesting new claiss of ma- 
terials for semiconductor metallization applications. 

EXPERIMENTAL 

Materials Sel ction 

If amorphous films are to be useful in the pro- 
posed applications, it is necessary that they remain 
aioorphous at the desired operating tanperatures . Typ- 
ically, the time constauit for crystallization is of the 
order of 5 1 >iour at the glass transition temperature, 
Tg, and extrapolates to several years at T $ 0.85 Tg 
[5,6]. He have therefore focused on alloys having known 
or predicted Tg values of >_ 500"C. Donald amd Davies 
[7] have discussed vaurious factors which promote glaiss- 
fotming ability and high T- values, and have published 
several useful tables of known glass-forming composi- 
tions. After '-',nsideration of the factors discussed by 
these aut)iors, we selected the Ni-Nb, Ni-Mo, Mo-Si, and 
H-Si systaas for investigation. A full discussion of 
our selection criteria has been given elsewhere [ 8 ] . 

The substrate requirements for successful vapor 
deposition of amorphous metals are easily satisfied by 
almost any crystalline or amorphous solid. The mad.n 
requirement is that the substrate surface remain at a 
temperature well below Tg during deposition. This, in 
turn, requires t)iat the substrate have a thermal con- 
ductivity adequate for rapid transfer of the heat-of- 
condensatlon to a heat sink. The fact that aunorphous 
metals have been deposited successfully on such notably 
poor thermal conductors as pyrex (o - 0.01 watts/cm*K) 
leaves little doubt that all oomaon saalconductors (a 2 
0.1 watts/cm"K) will provide adequate heat-sinking and 
be useable as substrates. Most of the trark reported 
here was done using single-crystal Si substrates, al- 
though fully amorphous fllam have also been obtained on 
GaAs, GaP, AI 2 O 3 , glass, mica, Cu, and hi substrates. 

Film Preparation 

Amorphous metal fllsm were deposited by RF sput- 
tering using a Varlam 980 diffusion-pumped sputtering 
syston. This system uses a split circular cathode, 9" 
in diameter, with a 3 1/2" cathode-to-substrate spac- 
ing. In order to sputter alloys of uniform composition, 
1/4" thick base cathodes of either Ni or Si were par- 
tially covered by 10 mil foil masks of Nb, Mo, or H, 
(laving uniform distributions of (loles to expose an ap- 
propriate fraction of the base cathode. In Initial 
work, the exposed aream of base-catlxide and foil were 
approximately equal. For each of the four alloy-sys- 
tems studied, the area ratios were subsequently ad- 
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justed to achieve the desired film composition using 
feedback from annealing studies and electron-beam ml- 
croprobe measurements . 

Sputtering was doi.e using 22 » 10~' Torr Ar pres- 
sure at a total RF power of SlkW. Under these condi- 
tions the deposition rate was 'typically * 300*A/mln. 
In order to provide a deposit which was sufficiently 
thick for X-Ray diffraction and electron microprobe 
awasurements, a standard sputtering time of 30.0 min. 
was used. Thus, most of our films were approxiiaately 
1 Urn thick. Compositional uniformity was found to be 
typically to. 5 Att over a 1/4” x 3/4” sample area. 

Routine Characterisation 

The eis-deposlted films were routinely character- 
ised as to adhesion, fllm-thlckness (stylus measure- 
ments), composition (electron beam microprobe measure- 
ments) , structural order (X-Ray diffraction measure- 
ments) and electrical resistivity (4-polnt probe measure- 
aients) . For sonlconductor metallisation applications, 
the adhesion and resistivity results are of particular 
interest: He find that the films adhere extremely well 
to the semiconductor substrates and are very resistant 
to scratching. No flaking or wrinkling was observed 
on any of these films in the as-deposited state, nor 
after thermal cycling between -200 and -)-500”C. SSI ex- 
amination allows the surfaces to be smooth and feature- 
less. Typical room-temperature resistivity values ob- 
tained for the as-deposited films are eis follows: 


Alloy 

Composition 

p(Ui)cm) 

Rg(«/Q 

Ni-Nb 

55-60 At%Ni 

200-230 

2. 0-2. 3 

Ni-Mo 

55 Att Ni 

110-130 

1.1-1. 3 

Mo-Si 

60 Att Ho 

160-200 

1. 6-2.0 

W-Si 

90 Att H 

140-150 

1.4-1. 5 


nie sheet resistance values given in Col. 4 are scaled 
to a film thickness of ly. As expected, the resistivi- 
ties of the amorphous films are somewhat higher than 
the resistivities of corresponding polycrystalline films 
(typically a factor of ~5 higher) , but sheet resistances 
of the order of 1 0/Q are perfectly acceptable for many 
device applications. For those applications in %<hlch 
these resistivities are excessive, it may be possible 
to overcoat the amorphous metal with a layer of Au or 
Cu to provide a lower-resistance metallization. 

Annealing and Crystallization 

As the crystallization of amorphous mecr.l*< is con- 
trolled by kinetic factors, any experimental value of 
the crystallization temperature. T„, depends on the 
time-scale of the experiment. Fortunately, the charac- 
teristic time for crystallization is an extremely strong 
function of temperature, so that reaikjnable estimates 
of the nutximum "operating temperatures" of amorphous 
metallizations can be obtained using rexacively brief 
anneals. The results reported here were obtained by 
annealing the samples for one hour in evacuated quartz 
ampoules which also contained a small slug of T1 for 
getter Ing. 

In order to determine the one-hour crystallization 
temperature of a given alloy composition, the following 
sequence was followed: The first anne^d was performed 
at 400°C, after which the sample was removed from its 
ampoule for examination by X-Ray Diffraction (XRO) . If 
there was evidence of crystallinity, the sputter-mask 
was altered to achieve a different alloy composition. 
(Crystallization tanperatures below 400”C are of no in- 
terest at the present time) . If there was no evidence 
of crystallization, the same sample was resealed In an 
ampoule and annealed at 500”C for 1 hour. This proce- 
dure was repeated at 100* Increments until crystalliza- 
tion was detected. A new sample from the same batch 


was then luuiealed at the penultimate temperature, meas- 
ured for crystallinity, and reannealed at successively 
higher temperatures using 50*C Increments. Finally, a 
third sample was used to find T^ to within 2S*C. 

Figure 1 shows a sequence of typical XRD scans fbr 
initially amorphous Ni-Ho films C"«St Nl) . It is some- 
what difficult to judge whether or not small features 
on the amorphous peak correspond to the early stages of 
crystallization. Massive crystallization, however, is 
unmistalcably evidenced by the appearance of numerous 
sharp diffraction pea)cs. These cosaients are Illustrat- 
ed in Fig. 1 by the 600*C and 650*C traces: After an- 
nealing at 600*C, ssutll bumps are seen at 26 • 39* and 
45*. These features are reproducible, and appeurently 
Indicate a sautll volume-fraction of crystallites in an 
amorphous matrix. After the 650*C anneal, the 39* peak 
is quite strong, but the 45* peak is either missing or 



Figure 1. X-Ray Diffractometer scans of an Initially 
amorphous film of Ni-Ho after Ih anneals at 
successively higher temperatures. 

split into several pealcs. It appeeurs likely that the 
path of crystallization in the Ni-Mo system is complex, 
involving intermediate phemes. Similar effects are 
seen in the other alloys as well. TEH investigations 
are planned for exploration of the crystallization 
mechanisms. 

The results of the annealing studies to date are 
as follows: 


Alloy 

Composition 

Tq(*C) 

Tj^(»C) 

1) Ni-Nb 

55 Att Ni 

500 

550 

2) Ni-Nb 

57 Att N) 

575 

600 

3) Ni-tti 

55 Att Ni 

525 

550 

4) Ni-Mo 

65 Att Ni 

550 

600 

5) Mo-Si 

60 Att Mo 

550 

600 

6) W-Si 

90 Att H 

(Partially crystalline 


as deposited) 


The temperature Tq is the highest 1-hour annealing 
temperature at which no evidence of crystallinity has 
been observed. Tj^ is the lowest 1-hour annealing tem- 
perature at which some evidence of crystallinity has 
been observed. The H-sl alloys deposited to date have 
contained a small volume-fraction of microcrystalline 
phase in a predominantly amorphous matrix. Further re- 
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finenent of < !v -jposltlon Is required. Nevertheless 
MB Will be si \ :in the next section, the largely am- 
orphous M-Si tilms still function as effective diffu- 
sion barriers. 

Diffusion 


The diffusion of Au in amorphous metal films is of 
great practical Interest because Au is widely used in 
multilayer metallizations and bonding wires for semi- 
conductor devices. Au is also a prime candidate for use 
as an overlayer to reduce metallization resistances. 

Au was ion-implanted into an amorphous Ni-Nb film 
which was subsequently annealed and measured by Ruther- 
ford Backscattering (BBS) to monitor any Au diffusion 
The amorphous film was deposited on a single- 
crystal Si substrate to a thickness of l)i, and was com- 
posed of 56. S At% Ni, 43.5 At% Nb. Thi. implanted Au 
profile was Gaussian, with a peak oncentratlon of 3.3 
X iq 20 cm” 3 occurring ”400^ below tne surface, and a 
"full width at half maximum" of 300A. since a Gaussian 
profile remains Gaussian during diffusion, it is 
straightforward to deduce diffusion coefficients from 
the half-widths of fitted Gaussian curves. Figure 2 
shows a comparison of the Au profiles after 0.5 hours 
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Figure 2. Comparison of the ion-implanted Au profiles 
after anneals of 30 minutes and 35 hours at 
4S0"C, illustrating the extremely low rate 
of diffusion of Au in amorphous Ni-Nb at this 
temperature. The profile change can only be 
discerned by fitting Gaussian curves to the 
data. 

and 35 hours of annealing at 450°^. Analysis of these 
and similar profiles obtained for longer annealing times 
gives a diffussivity of D * t lO'V^cm^ /sec for Au in 
this alloy at 450*C. Note that: (1) D S lO'iB cm2/s im- 
plies that an Au atom would require roughly 300 years 
to diffuse a oistance of Ipi and (2) the annealing tem- 
perature of 450°C is very m^ar the estimated glass- 
transition temperature for tJiis film; Itie one-hour 
crystallization temperature for films of this composi- 
tion is in the neighborhood of T^ ’*> 5S0°C, and Tg must 
be S Tf.- Thus, our anneal temperature of 450°C is 
2.86 Tg. Rutherford Backscattering studies of inter- 


diffusion between amorphous metal films and overlayers 
of Cu or Au, and between amorphous metal films and 
semiconducting substrates are currently underway, and 
no quantitative results can be reported at this time. 

In addition to the RBS measurements, we have used 
Auger Electron Spectroscopy (AES) , togetiier with Ar-lon 
sputtering to study interdiffusion. Figure 3 shows a 
series of AES profiles for an amorphous Ni-Nb film on 
which a '^SOA Cu layer was deposited. After 10 hours 
of annealing at 500*C, there was a slight broadening of 
the Cu/Ni-Nb Interface, )sut no large-scale Interdiffu- 
sion. After one hour at 600"C, however, the Cu,Ni, and 
Nb have thoroughly Interdlffused, and the "Interface" 
has moved very deeply (2 200oS) into the Ni-Nb film. 
Other Ni-Nb films of the same composition were found to 
crystallize in one hour at 575"C. It is therefore clear 
that crystallization is responsible fOr the sudden, 
massive motion of Cu into the Ni-Nb (probably along 
grain boundaries) . Simileur results l:ave been obtained 
with Au overlayers and with other amorplx>us alloys. It 
is Interesting to note that we found essentially no In- 
terdiffusion between Au and amorp)»us N-Si despite the 
fact that the H-Sl contained a detectable (but small) 
volume- fraction of microcrystalline phase. Thus, we 
believe that partially crystalline films can still func- 
tion as effective diffusion barriers as long as the 
crystallites are well-separated by an amorp)ious matrix. 
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Figure 3. AES depth-profiles of Cu, Nl, and Nb. The 
top trace shows the as-deposited structure; 
A Cu layer on amorphous Ni-Nb. The middle 
trace shows that there was very little In- 
terdiffuslon after 10 hours of annealing at 
SOO’C. The bottom trace shows considerable 
interdiffusion after only 1 )tour at 600°C. 
The rapid interdiffusion at 600"C is a con- 
sequence of crystallization. 

CONCLUSIONS 

Amorphous metal fllsis of appropriate compositions 
can be deposited on saniconducting and insulating sub- 
strates, and remain amorphous after one-lu>ur anneals at 
temperatures in excess of 500*C. It is very important 
to note that the anne^d.lng temperat'ires used in this 
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study were speciflcslly chosen to find the temperature 
ranges in which the alloys under investigation tiould 
crystallise on a tine-scale of one hou;' (T ^ C.9Tg) . At 
slighUy lower temperatures, crystallisation will not 
be observable on any reasonable laboratory tinwscale. 
Our results also show that, as long as the films rmnain 
amorphous, they exhibit exceptionally lowdiffusivitles. 
Indeed, the W-Si results snow that films containing a 
small volume- fraction of mlcrocrystalllnlty can still 
function as effective diffusion barriers. fliis obser- 
vatiw. Is consistent with our basic working hypothesis 
that the advantages of amorphous metallizations stem 
from the absence of grain boundaries: As long as the 
volume-fraction of microerystallinity is small, the 
crystallites will be separated by an amorphous matrix, 
preventing an interconnected network of grain boundar- 
ies. At some critical volume-fraction (which can be 
estimated from percolation-theory to be about O.J (10)), 
the crystallites will merge, and an essentially poly- 
crystalline film will result. Based on the work report- 
ed here, we conclude that films of high-T_ amorphous 
®®bal alloys are indeed viable candidates for use as 
high-tmnperature metallizations for semiconductor de- 
vices. We anticipate that this new class of smilcon- 
ductor metallizations will find important applications 
as primary metallizations, interlayer diffusion bar- 
rieca, and corrosion-resistant overlayers. 
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Su—ary 

Ohaic contacta to n-type GaAa have been developed 
For high'teaperature device applicationa up to 300*C. 
Refractory netallisationa were uaed with epitaxial Ge 
layera to fora the contacta; TiW/Go/6aAe, Ta/Ge/GaAs, 
Ho/Ge/GaAa, and Ni/Ge/GaAs. Contacta with high doae 
3i or Se ion iaplantation (10*‘ to 10**/ cn^) of tb« 
Ge/GaAs interface were also investigated. The puipose 
of thia work was to develop refractory ohnic contacta 
with low apecific contact reaiatance (~10*° 0~ca* on 
lxl0**/ca^ GaAa) which a^e free of i^erfectiona , 
reaulting in a unifom N doping layer. 

The contacta were fabricated on epitaxial GaAa 
layera (n=2xl0‘* to 2xl0**/cai*) grown on H (2xl0**/en®) 
or aead-insulating GaAa aubatratea. Ohnic contact waa 
focned by both themal annealing (at teaperaturea up 
to 700*0 and later annealing (pulaed Ruby). Exanina* 
tion of the Ge/GaAa interface revealed Ge nigration 
into GaAa to font an N doping layer. 

Under optinun later anneal conditiona, the tM* 
cific contact reaiatance w?s in the range 1>5 x10~*Q-cb^ 
(on 2xl0**/cn^ GaAa). Tbit, ia an order of Mgnitude 
inprovenent over themally annealed Ag/Si* or Ni/Ge^ 
contacta. ThemallY^annealed TiW/Ge had a contact 
reaistivity of 1x10 °Rcn^ on lxl0*^/cn^ GaAa under 
optinuD anneal conditions. The contacta also showed 
inproved themal stability over conventional Ni/AuGe 
contacts at teuperatures above 300*C. The contact 
resistivity of themally annealed TiW/Ge does not 
increase appreciably with a 350*C, 190 hr anneal, while 
that of Ni/AuGe degrades appreciably between 2S*3S hrs 
at 350*C. Under bias conditions (6V, IS bA) the con- 
tact resistance of these contacts did not increase 
appreciably at 300*C after 160 hr. Preliaiinary results 
with the laser annealed contacts showed no measurable 
increase in resistance after 6 hr at 3S0*C. 

Introduction 

Low specific contact resistance ohaic contacts to 
n-type GaAs using epitaxial Ge fiias have been reported 
uaing awlecular beaa epitaxy^ and vacuua epitaxy.^’* 

The epitaxial Ge fila allows^(in theory) the foraution 
of contacts with a unifom N layer, in the highly 
doped Ge fila itself^ or, froa Ge doping of the GaAs.^'* 
These contacts should be wore nearly free of iaq>erfec- 
tions compared to polycrystalline Ge or AuGe eutectic 
filaa in which rapid impurity diffusion occurs at grain 
boundaries. Both tbetaal annealing and laser annealing 
have been used to fora ohaic contact. Laser annealing 
was uaed to fom these contacts^ because when a refrac- 
tory Bietal overlayer is desired it was found^’* that 
oven anneal teaqieratures in the range S00-7S0*C were 
required. Subjecting the entire substrate to these 
high teaq>eratures can have deleterious effects on the 
active and seai-insulsting GaAs layers and to other 
SMtallizations previously deposited on the chip, e.g. , 
for the purpose of fabricating integrated circuits. 

This problem can be obviated by selective contact 
annealing with a laser beaa. Pulsed laser annealing 
nay also be important in obtaining enhanced activation 
of iaplantc .opsnts and in obtaining certain doping 
profiles when rapid beating and cooling are iq>ortant. 

In this paper we report on TiW (88 wt. % V, 12 
wt. X Ti)/Ge, Ta/Ce, Ho/Ge, and Ni/Ge obsdc contacts 
to n-type GaAs which have two possible areas of appli- 
cations: 1) to devices which are designed to operate 

for extended periods of tine in a high temperature 


ambient (above 1S0*C)*, and 2) to iaprove the reliabil- 
ity of devices which experience high channel or contact 
tei^ratures, such as power field-effect transistors 
(FET) and tranaferred-rflectron devices (TED).* In both 
cases, local melting at iaperfections in the contacts 
can result in device failure. Formation of an N layer 
at the GaAs-contact interface by Ge doping can also 
result in significsnt performance gains in power FETs 
snd TEDs through reduction in contact resistance and 
increased voltage levels. 

Experiaental Method and Results 

Fabrication of the ohaic contacts was siailar to 
that described previously.^ A nuaber of different 
types of contacti v <re investigated; TiV/Ge, Ta/Ge, 
Mo/Ge, and Ni/Ge, uoth with and without a high dose of 
Si or Se ion iaplanted (I^) at the Ge/GaAs interface. 
Ohaic contacts were fabricated on n-type epitaxial GaAs 
laye|s with carrier u concentration of 2xl0**/ca^ grown 
on N (100) oriented GaAs substrates doped to 2x10* */ca* 
or on GaAs epitaxial layera (n=lxl0*Vca’‘, 2000A thick) 
grown on seal-insulating (SI) GaAs substrates. To pre- 
pare the GaAs surface for growth of the epitaxial Ge 
layer, the surface was cleaned in orgs'^ic solvents, 
etched in a solution (10 a£ HC2, 10 af HF, 60 a£ H^O, 

6 drops of H.0,) to reaove carbon and oxygen, and ^ 
placed iamedlately into a high vacuua systea. Oxides 
were desorbed by beating-the substrate to 575*C for IS 
min in a vacuua of 2x10 ' Torr. Oxide desorption was 
carried out at 575°C because it was found* by Auger 
electron spectroscopy (AES) that the oxide concentra- 
tion was at a ainiaua at this teaperature without 
greatly changing the GaAs stoicbiosietry. An epitaxial 
Ge layer was then grown in the same vacuua at 625*C to 
thicknesses between 200 to 2000X by electron bega evap- 
oration froa pure Ge source. For contacts on N sub- 
strates, circular Ge contact patterns (30 to 2S0 |as in 
diameter) w-re fomed by etching and the aetal over- 
layers were deposited to thicknesses between 1000 to 
2000 a (by electron beaa evaporation in the case of Ta, 
Ho, and Ni; and by sputtering in the case of TiW). 
Isolated circular contact patterns were defined using 
photoresist and lifting or by perfoming the Reposition 
through a aetal aask. Ohaic contact to the N backside 
was Bade with AuGe/Ni , alloyed at 4S0*C for 15 sec 
prior to fabrication of the frontside contacts. Typical 
contacts are shown in Fig. 1. In the case of TiW/Ge/I^ 
Si contacts to the GaAs epitaxial layer on SI s;;b- 
strates, transmission line model (TLM) contacts were 
fomed by etching the mesa, TiW, and Ge in three sep- 
arate etching steps. 
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Fig. 1. Schematic cross sections of typical refractory 
laetal/Ge ohaic contacts to GaAs. 
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S heraal ■oneilliif of the TiW/Ge/I*Si contacts 
TiW/AOOX Ge/I*Sl at 60keV, 2xlO*Vce>*) wsi car- 
ried out in fomio| gai at 700*C. Near rptiaua anneal- 
ing condit iona,of 25 ntn, the specific contact reaist- 
ance waa 1x10 ”(}cn^ as neaiured by the TLM aethod.* 
Auger electron ipectroicopy (AES) sputter profiles, as 
deposited and after sintering in vacuua, are shown in 
Fig. 2. After sintering^ Ce aigration into GaAs wrs 
observed indicating an N doping layer at the GaAs 
surface. This condition is necessary for a low spe- 
cific contact resistance.* The Si laplant aay al'.o 
have been partially activated resulting in a further 
increase in the concentration of the N doping layer. 
After 25 ain at 700*C, Ca outdiffusion was also 
observed, allowing vacant sites for Ge or Si doping 
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Fig. 2. AES sputter profile of TiW/Ce/GaAs contact, 

(a) as deposited and (b) after ohalc contact foraation 
at 700°C for 15 ain at 10 Torr. 


Laser annealing waj performed with a ruby laser 
which eaitted a one Joule, 22 ns pulse obtained by 
Q-switching the cavity with a Pockel's cell. Experi- 
aents were perforaed both in single TEMqq aode and in 
aultiaode operation. The single node was used for the 
SBull diaaeter ohaic contact experiaents while the 
aultiaode was eaployed for large area AES analyses. 

For the TEM_ aode case, a 0.* an circular aperture 
was placed Vn the optical cavity. The output beam waa 
ther focused to fora a 260 pa diaaeter spot at the 
saaple. A 30 to 50 pa disaster spot, which contained 
only the center of the Gaussian beaa, was obtained by 
use of a r.etal irask. Ohaic contacts were obtained at 
energy uenaities between 0.09 to 5 J/ca*, depending on 
the type of contact. For the aultiaode case, the full 
one joule output was hoaogenized by a a«thod siailar 
to that dck.ribed by Cullis, et al.^ by sending it 
through a 1.2 ca diaaeter fused quartz optical wave 
guide which was bent and tape— j to obtain a spot 


diaaeter at the saaple of 0.7 ca. Although this "light 
guide d'fiuaer" was effective in boaogeoizution of the 
aultiaode structure of the beaa and reducing speckle 
patterns, "hot spots" were still obaervd at the output 
(particularlv apparent on GaAs surfaces). A detailed 
analyais of the appearance of hot spots will be pub- 
lished later. 


Current/voltage (I/V) characteristics of a typical 
Nl/Ge contact before and after laser annealing are 
shown in Fig. 3 as displayed on a curve tracer. Before 
laser annealing the contacts were reasonably well 
behaved Schottky barriers; the upper curve shows a 
reverse breakdown voltage of about 5 volts on 2xl0*^/ca* 
doped GaAs. After a puli e of 0.04 J/ca* the rectifica- 
tion softens, indicating soae very liaited aelting, 
perhaps associated with preferentially absorbing iaper- 
fections on the top surface. At 0.14 J/ca* the contact 
was ohaic and the photoaicrograpb of this contact, 
shown in Fig. 3, indicated very shallow, unifora aelt- 
ing had occurred. Siailar results were found with 
TiW/Ge, Ho/Ce, and Ta/Ge contacts. 



BEFORE LASER ANNEAL 
VERT; SOO/tA/div 
HOR: 1 V/div 


0.04 J/cm2, 1 pufte 
VERT: 500 /iA/d)v 
HOR; lOOmV/div 




0.14 J/cmi 
VERT: 20 mA/diw 
HOR: lOOmV/div 


I 1 

40^m 

PHOTOMICROGRAPH. 

0.14J/cm2 


Fig. 3. Curve tracer I/V curves of Ni/Ge/GaA^ contacts 
before laser annealing anu after laser annealing at 
0.04 J/ca* (soft Schottky barrier) and 0.1'- J/ca* (suf- 
ficient energy density to fora ohaic contt Photo- 

aicrograph of ohaic contact after 0.14 J/ca-. 


Experimental curves of the specific contact 
resistance versus laser energy density are shown in 
Fig. 4. Ncasureawnts were Bade with a aethod aiailar 
to that of Cox and Strack.** These results were 
obtained using the TEH., aode with s 30 to 50 pa 
diaaeter aetal aask over (typically) 250 pa diaaeter 
isolated contacts. Approxiaate swlting points for each 
of the contact types are shown at the top, as deter- 
Bined froa photoaicrographs of the irradiated surfaces. 
Howe»»r, the aelting points could not be deterained 
precisely froa the pbotoaicrogiaphs and very shallow 
Belting probably occurred below these points. It was 
found that the contact resistivity was at a ainiaua 
near the aelting point for Ni/Ce and Ta/Ge cont.'cts. 
Siailar TiW/Ge ohaic contacts formed on n=2xl0’*/cm* 
GaAs epitaxial layers resulted in a specific contact 
resistance of 1x10 ^Oca*. The higher value of spe- 
cific contact resistance evidently resulted froa the 
lower doping in the GaAs. Slailarly, contact resistiv- 
ity values for Ta/Ge, Ko/Ge, and Ni/Ge were approxi- 
aately an order of aagnitude higher on 2xl0‘*/ca* as 
coopsred to 2xl0'^/ca* GaAs. 
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ENERGY DENSITY (Jfcm^i 

Fig. 4. Experiaental values of specific contact resist- 
ance as a function pulsed ruby laser energy density; 
mp indicates approxiaate nelting points as determined 
from surface photomicrographs. 

The interfaces before and after laser annealing 
were investigated using AES sputter profiling tech- 
niques. Figure 5 shows AES sputter profiles of a Hi/Ge 
contact before laser annealing and after laser anneal- 
ing at an energy density just high enough to form ohmic 
contact. A sniltimode 7 am diameter beam was used to 
irradiate a GaAs sample approximately 10 n x 10 mm 
containing 2000A Ni and 200oX Ge prepared as discussed 
above. At 0.10 J/cm* slight nelting patterns could 
just be observed, indicating nelting of the Ni and Ge 
just to, and including, the GaAs surface. This energy 
density corresponded to the threshold for ohmic contact 
formation. Even at this low energy density there was 
Oe migration into the GaAs, enough to greatly increase 
the n-type doping concentration at the GaAs surface. 
Similar profiles were observed with Ta/Ge laser 
annealed contacts. These profiles are also typical of 
Ni/G- thermal annealed ohmic contacts studied pre- 
viously.* 




SPUTTER TIME ImW 

Fig. 5. AES sputter profiles of a 200oS Ni/2000S 
Ge/GaAs contact before laser annealing and after laser 
annealing at 0.10 J/cn*, just at threshold for ohmic 
contact fonsstion. 


Discussion of Laser Anneal Results 

The curves of specific contact resistance versus 
energy density, shown in Fig. 4, indicate there is a 
"window" in energy density which is appropriate for 
the formation of ohmic contact. This window depends 
on the layer thicknesses of the metal and epitaxial 
Ge, the pulse duration, to some extent on the surface 
SMcphology, and .Iso on the fundamental interactions** 
of the laser beam with the overlayers and GaAs. ‘'he 
depth of melting and surface temperature are deter- 
mined in part by the absorption coefficient, specific 
heat, and thermal diffuaivity of the overlayers and 
sAs surface. Ohmic contact appeared to occur Just at 
the threshold of melting, but the melting must be deep 
enough to melt at least the top SO to lOOS of the GaAs 
surface to account for the AES profiles in Fig. 5. 
Solid-state diffusion processes are too slow to account 
for these profiles. Since the heating and cooling 
rates are nearly the same in pulse laser annealing 
dominated by thermal processes,** the Ge migration into 
the GaAs surface must occur in the 50-100 ns that the 
surface layers are molten. A minimum in the specific 
contact resistance apparently occurs just above the 
melting point at an optimum doping level and profile. 

It is assusKd that lew contact resistance occurs by 
electrons tunneling between the top metal layer and 
the highly doped surface layer in the GaAs.^ The spe- 
cific contact resistance begins to rise at higher 
energy densities as the melt penetration becomes deeper 
and the surface tesperature reaches the boiling point. 
Surface evaporation and oblation can then result in 
loss of Ge and As (as mil as loss of part of the metal 
contact), as has been observed with these contacts at 
high energy densities by electron microprobe x-ray 
analysis. This was found to result in an increase in 
the specific contact resistance. 

The advantages of laser annealing over thermal 
annealing for these particular high-temperature con- 
tacts is seen in comparison with thermal annealing 
results. For similar ohmic contacts, the specific con- 
tact resistance was more than an order of magnitude 
higher when thermally annealed* and high ambient tem- 
peratures (up to 6S0°C for 5 min) were required. The 
laser annealed contacts reported here also demonstrate 
an order of magnitude improvement in contact resistiv- 
ity over Ag/Si contacts* thermally annealed. These 
contacts also coipare favorably with conventional AuGe 
ohmic cogtacts, for which a specific contact resistance 
of 1x10 (1cm* can be routinely obtained, but which 
degrade significantly at 3S0°C. 

High-Temperature Aging 

The TiW/Ge/I*Si ohmic contacts formed on GaAs epi- 
taxial layers on SI substrates and thermally annealed 
were studied by high te^ieature aging in an ambient of 
forming gas. Figure 6 shows the change in the specific 
contact resistance after exposure to temperatures 
between 350 to 600"C for over 175 hours. The behavior 
of a tjrpical AuGe/Ni contact, included in the 350*C 
experiments, is shown for comparison. These results 
demonstrate the bigb-temperature reliability advantages 
of refractory metal/epitaxial Ge olwic contacts. With 
these contacts it was found that the contact resistance 
did not increase appreciably up to 190 hours at 350"C, 
while that of AuGe significantly increased between 
25-35 hours st 350"C. 

Preliminary bigh-tes^erature aging experiments 
with the laser annealed ohmic contacts (TiW/Ge/I*Si, 
Ni/Ge/I*Si, Ni/Ge, Ta/Ge, and,Ho/Ge) were also carried 
out by aging in vacuum at 10 Torr. No swasurable 
change in specific contact resistance was found after 
350»C for 6 hr. 

The the sally annealed TiW/Ge ohmic contacts were 
also subjected to high-tesiperature aging under DC bias. 
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Figure 7 chows the results at 300‘C and 3S0°C after 
exposure for 160 hr. At 300**C the contact resistivity 
increased initislly but stabilized at about 4x10 Oca^. 
At 3S0°C the increase in contact resistivity was aucb 
larger. This was partially explained by the large out- 
diffusion of Ga, shown in the AES sputter profiles in 
Fig. 8. 



Fig. 6. Specific contact resistance of thermally 
annealed TiW/Ge and AuGe/Ni ohmic contacts as a func- 
tion of anneal time at various aging temperatures in 
forming gas. 



Fig. 7. Specific contact resistance of thermally 
annealed TiW/Ge contacts as a function of anneal tine 
under bias conditions at 300°C and SSO^C in forming 
gas. Test structure used to measure contact resistiv- 
ity (center mesa) and to study metal migration (long 
arms) . 



Fig. 8. AES sputter profile (Ge and Ga) of thermally 
annealed TiW/Ge ohmic contact after 350°C/40 hr anneal 
in formii.;^ gas under bias conditions, showing large Ga 
outdiffusio.s. 
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FABRICATION AND HIGH TENPERATURE CHARACTERISTICS OF ION-IMPLANTED 
6 aAs BIPOLAR TRANSISTORS AND RING-OSCILLATORS* 


F.H. Ooerbeck. H.T. Tuan. H.V. NcLevIge 
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Dallas. TX 7S265 


INTRODUCTION 

A growing need Is developing for monolithic semi- 
conductor circuits for high temperature environments. 
Si-devices have been reported to operate up to 
300*C.‘>2 Because the upper operating temperature of 
a bipolar device Is detensined by the bandgap of the 
semiconductor material , GaAs (1.43eV) has a theoreti- 
cal advantage over silicon (1.12eV). Based on bandgap 
considerations exclusively, GaAs could be expected to 
be useful up to 450*C; In fact, transistors have been 
operated at this temperature.^ Based on these 
assessments a special program to study the high tem- 
perature aspects of GaAs bipolar transistors was Ini- 
tiated In 1966. The results of this program, which 
were reported In 1968**, showed: GaAs transistors were 
limited by leakage currents, which exhibited a tem- 
perature dependence with an activation energy of 
0.7eV. The current gain hf^ decreased rapidly with 
Increasing temperature with an activation energy of 
approx. 0.2eV, apparently due to a decrease of the 
minority carrier lifetime. Devices *#i1ch operated 
above 400*C could be made, but the fabrication yield 
was extremely small. The technology available at this 
time was constrained to sulfur and magnesium dif- 
fusions at temperatures at which surface decomposition 
could not sufficiently be suppressed. Doping control 
was poor. The devices had mesa structures with little 
surface passivation. The fabrication of a sophisti- 
cated GaAs IC was beyond reach. 

During the recent years the GaAs technology 
progressed rapidly, motivated mainly by the excellent 
performance of microwave FET's. Ion Implantation and 
annealing techniques were developed to form reproduc- 
Ibly thin layers of controlled doping levels. This 
progress made It desirable to re-evaluate the GaAs 
bipolar device performance. Potential advantages of a 
GaAs bipolar technology Include: short minority 
carrier lifetime; high electron mobility at low 
electron fields; use of saturated drift velocity for 
load resistors (small area requirements); Isolation by 
boron Implantation (requires less area than junction 
Isolation); higher operating temperature than silicon 
devices. The bipolar technology would permit the 
application of established SI bipolar circuit concepts 
and models with only minor modifications. Some disad- 
vantages of GaAs, namely the low hole mobility and the 
comparatively low maximum donor concentration will 
remain with us. The possibility of modifying the 
bandgap by using GaAIAs, e.g. for wide band gap 
emitters, and of Incorporating opto-electronlc prin- 
ciples makes this technology particularly exciting. 
The main difference between the situation a decade ago 
and today Is that lon-Implantatlon offers the repro- 
ducible production of p-n junctions, avoiding the 
damaging high temperature diffusions. Originally our 
present program was designed to study the feasibility 
of a GaAs bipolar IC technology but not specifically 
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tte high ^erature aspects. Results obtained with a 
15-stage ring-oscillator were reported recently.^ it 
“PPdrent that specific modifications will have 
to be Incoi^rat^ to -xtend performance and rellabll- 
Ity to higher teinf ei a ' i .'s, such as the replacement 
of the alloyed gold coiitacts. This paper will discuss 
the fabrication and high temperature performance of 
discrete bipolar transistors and of a 15-stage rinq 
oscillator. 


DEVICE FABRICATION 

The fabrication of GaAs bipolar transistors by 
Ion Implantation Into bulk GaAs has been reported 
previously.* The fabrication of the r1ng-osc111ator 
requires an epitaxial n/n* structure. The starting 
GaAs substrates, purchased from comnerclal suppliers, 
come from Bridgman-grown single crystals. The 

AsCl 3 - 6 a-H 2 vapor phase epitaxial process Is anployed 
to deposit 2 layers: first an approx. 3 micron thick 
layer with a donor concentration of approx. 8 x 
10 car ^ followed by an undoped layer, approx* I 
micron thick. The VPE technology, as applied to 
microwave devices In our laboratory, has previously 
been described In the literature.^ 


*. *i *ai »ii 



Fig. 1 Cross-section of a bipolar IC structure 


The cross-section of a bipolar IC-structure Is 
shorn In Fig. 1. The npn transistor operates In the 
"up'-mode: the n^-epltaxlal layer/substrate acts as 
emitter, the surface n-layer Is the collector. Also 
shown Is the load resistor. The fabricated structures 
differ from Fig. 1 In one respect: they have only 

one alloyed collector contact on the n-type surface 
1 aycr. 

The formation of the n- and p- layers employs 
lon-Implantatlon. The details of the donor Implan- 
tation are drawn from extensive experience with GaAs 
FET's.® The base-layer Is formed by a deep Implant of 
Be, which Is known to have high activation at low 
anneal temperatures. Preservation of the GaAs 
surface morphology during the high temperature 
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annealing step Is achieved by the proximity annealing 
technique.®*** The sequence of fabrication steps for 
the bipolar structure is as follows: 


1. Snallow Se Implant U x 10*^ cm-*, 150 keV 
plus 2 X 10*3-cnr*, 360 keV at 350*C). 

2. Anneal at 850*C for 30 min. 

3. Deep Be Implant (6 x 10** cm-*, 180 keV) to 
form the base layer. 

4. Anneal at 800“C, 30 minutes. 

5. Localized Be Implants to form the p'*’ contact 
regions (1 X lO*** cnr* at 40 keV plus 1.5 x 
lO*" cnr* at 80 keV). 

6. Anneal at 700*C, 30 minutes. 

7. Localized Boron Implant to form the Isola- 
tion region (2 x 10**, 4 x 10**, 6 x 10** 
cm-* at 50, 140, 320 keV, respectively). 

SI3N4 serves as Implant mask and for device pas- 
sivation. Contacts are alloyed Au-Ge-NI for the n- 
type material and alloyed Au-Zn for the p-type base. 
T1 - Au Is used for Interconnections. Stripes of 
GaAs, whose width is adjusted by a Boron Implant, 
serve as load resistor. 

The doping profile of the complete structure Is 
presented In Fig. 2. The Ion-Implanted profiles are 
calculated according to the LSS-theory, modified by 
experimentally observed activations. The transition 
from the n* epi layer to the surface n-layer was 
established by C-V profiling. 



Fig. 2 Doping profile 



Fig. 3 GaAs Ring-Oscillator 


DEVICE PERFORHANCE 

A 15-stage ring oscillator was tested In the tem- 
perature range of 25®C - 390“C. Fig. 3 shows a 
micrograph of the circuit after this test. The cir- 
cuit was mounted In a ceramic IC-package and placed In 
an oven. The package was not sealed, I.e. the GaAs 
device was exposed to hot air during the test. The 
bias voltage was 1.75 volt, resulting In a total Input 
current of 5 mA at 25*C, Increasing to 7mA at 385®C. 
Fig. 4-6 present the output signal at 25®, 240®C, 
385®C. The gate delay time Increases from 3.3ns at 
25®C to 6.7ns at 385®C. The time constant of the cir- 
cuit Is dominated by the product of the capacity of 
the forward biased emitter diode times the load 
resistor. The decrease of the electron mobility In 
the GaAs load resistor causes the time constant to 
Increase. The output signal of the ring oscillator 
approx, triples with rising temperature. Two effects 
contribute to this effect:!. the Increased value of the 
load resistor; 2. The shift of the Fermi levels 
towards the center of the bandgap with Increasing tem- 
perature decreases the built-in voltage of the emitter 
junction, thereby Increasing the Injection current and 
decreasing the saturation voltage. The ring oscilla- 
tor failed at 390®C. The examination of the failed 
device shows a damaged metallization In the via holes 
of the voltage supply bar, as shown In Fig. 3. This 
was probably caused by a realloying of the Au 
contacts, and a subsequent break In the metallization 
on the via sidewalls. 

A discrete bipolar transistor on this same chip 
was subsequently characterized In detail. The tran- 
sistor characteristics were measured both for 
"down"-mode (surface layer as emitter) and the 
"up"-mode (surface as collector, corresponding to the 
mode In the ring-oscillator). Furthermore the leakage 
currents of the emitter diode, the collector diode and 
ICEQ determined between 25®C and 400®C. Fig. 
7-10 present some curve tracer pictures of the tran- 
sistor characteristics at different temperatures. The 
device exhibits current gain beyond 400®C. The useful 
temperature range Is limited by junction leakage 
currents. Fig. 11 presents plots of IcEO. 

“up" and “down" mode, and the emitter and collector 
diode leakage currents at 2 volts vs the reciprocal 
temperature. Both diodes have very similar leakage 
currents with a temperature dependence corresponding 
to an activation energy of approx. leV. is tem- 
perature Insensitive to about 200®C; then it becomes 
dominated by the leakage current of the reverse biased 
collector junction. The difference In 1 (;eo In the 
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Fig. 4 GaAs Ring-Oscillator, 25*C 


Fig. 7 GaAs bipolar transistor 
at 25«C. Vown'-node 
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Fig. 5 GaAs Ring-Oscillator, 240®C 

Fig. 8 GaAs bipolar transistor 


at 25®C, "up’-mode 





Fig. 6 GaAs Ring Oscillator, 385"C 


two inodes Is probably caused by the asymmetry of the 
doping profile and the geometry of the transistor 
structure. The current gain as a function of tem- 
perature Is presented In Fig. 12. In the “up“-mode 

h»g Is temperature Insensitive to approx. 350®C. This 
performance Is In contrast with results obtained 
previously** from diffused transistors where the 
current gain of the best device began to decrease 
already below 250*C. 
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Fig. 9 GaAs bipolar transistor 
at 390®C, "down’-fflode 


CONCLUSION 

Ion-Implantation techniques permit the reproduc- 
ible fabrication of bipolar GaAs IC's. A 15-stage 
ring oscillator and discrete transistor was charac- 
terized between 25® and 400®C. The current gain of 
the transistor was found to Increase slightly with 
temperature. The diode leakage currents Increase with 
an activation energy of approx. 1 eV and dominate the 
transistor leakage current I^fo above 200®C. Present 


Fig. 10 GaAs bipolar transistor 
at 400®C, "up"-mode 
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devlcos fait catastrophically at ~ 400*C because of 
the Aunaetat Illation. For the developtaent of a 
reliable 6aAs bipolar IC*techo1ogy for the 350*C-range 
the following subjects have to be addressed: 
Inplewntatlon of refractory-aetat contacts; raising 
of doping levels to nrininize the depletion layer width 
and to decrease the teaiperature sensitivity; 
1q>roveHent of surface passivation. The performance 
of GaAIAs structures should be studied with respect to 
leakage currents and surface degradation. It Is 
known, e.g. that the addition of small A1 con- 
centrations to the active zone of Injection lasers 
reduce degradation. 
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Fig. 11 Diode leakage currents and Ic£q a 
function of the reciprocal temperature 
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Fig. 12 Current gain as a function of 
the reciprocal temperature 


48 



oevaoi>»B)T OP unsGRATB) iherhionk: ORams for Rns-a»PB»iDBE wrjatiqns* ** 


J. Byron NoOoonick, Dale Wilder Stephen Depp 


Douglas J. Haalltotir 




William xetwinr diaries Derouinr Lorensoi Rcybal, and Rictard uiol^ 
Los Alasos National Laboratory 
Los Alamos, NH 87545 


Abstract 

This report describes a class at devices known as 
integrated thermionic circuits (nc) capable at ea- 
tended operation in ambient tof^ratures to 500*C. 
Qie evolution at the nc concept is discusnd. A set 
at practical desi9i and performance equations is dau- 
onstrated. Reomt experimental results are discussed 
in which both devices and siiiple circuits have suc- 
oessCully operated in 500*C enviroments for extended 
periods of time. 


Appm»ffh 

Ihe approach taken for ITC active devices has 
been to use the intrinsically high-teaperature phe~ 
nom e non at diermionic aiission in conjunction with 
thiit^ilm integrated-circuit technology to produce 
microminiature, planar, vacuua triodes. Ihe re- 
sulting technology uses photolithogn^iMcally delin- 
eated thin films at refractory metals and cathode 
ma t e ri al on heated, insulating substrates, lypical 
geometries and dimensions are shown in Pig. 1. Many 
such devices are simultaneously fabricated on a single 
sitetrate, giving high packing density. The inte- 
grated grid^thode structures are intrinsically rug- 
ged. 


The ITC structure 

Notice in this structure, the anode is in the 
natural path of the electrons, and the closely inter- 
digitated grids and cathodes are used to maximize grid 
control. In a sense, this structure is like a stan- 
dard triode tritii the grid moved down into the plane of 
the cathode. In fact, it has been rhown throu^ com- 
puter simulation and eiqwrimentally verified that the 
fixtdamental equation governing conventional triode 
performance m^ be used to describe the performance at 
an ITC device. 



where Ipia the place current, 
is the grid voltage, 

Vp is the plate voltage, 

is the miplification factor, and 
K is a constant called the perveance. 


Furthermore, from electrostatic analysis it has been 
shown that for a device with grid width, cathode 
width, and grid-to-cathode spacing equal to a and 
catho^to-anode ^cing equ^ to d, 

/ia0.5€llf-| . (2) 

Thus, Ml the electrostatic aqplification factor, is 
linearly related to the ritio d/a, with no other geo- 
metrical factors. This result is remarkably similar 


* This work was a;pported by the Division of 
Geothermal Ehergy, US Department of Energy. 

** IBM Research, San Jose, California 
•*«Oniversity of Arizona, ibeson, Arizona 



to that obtained for a conventional triode. There- 
fore, depending on the circuit application, the de- 
sired amplification factor can siitply be selected by 
determining d/a. 

A similar analysis for the device shown in Pig. 

2, where a is the width of the cathode, b the distance 
between the grid and cathode, c the width of the grid, 
and d the distance between plate and cathode, results 
in 




_b_±_C \ 

a + 2b + c/ 


b n>l 


?{■ 


cos 


ntfa t 2b) _ 

a 2b -t c 


cos 


which can easily be simmed on a calculator 


(3) 

Dsa \ 

a + 2b + cr 


nevloe Processing 

To date, device processing has be<sn the most en- 
phasized portion of the VK developnent program. 


! 

1 H ° H h 

6 K G K 6 K G 

HbH 

Pig. 2. Unequally ^oed device. 
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Sap{)hlre vilb choeen as the substrate material for 
ITC devices because of its high quality surface finish 
and high electrical resistivity at high taifKratures 
(3 8 X lO' n-cm at 800»C) . 

Figure 3 is a side view of the ITC metal izatlcns 
on the circuit or device side of the substrate. 

Notice that all the metals are refractory because 
of the need to withstand high-tei()erature environ- 
ments. (This is in contrast to the gold and alunlnun 
used in conventional silicon Integrated circuits.) 

Ihe bond pad is platinun, and the platinum bond wires 
are attached by paiallel-gap or ultrasonic wire bond- 
ing. Ihe base metal inder the cathode is tungsten. 


CATHODE COATING APPLIED ANO DEFINED PHOTOGRAPHICALLY 








J 

/ 



GRID COATED GRID 



INTERCONNECT BONO 
CATHODE PAD 

Fig. 3. ITC roetallzation and photolithography. 


The cathode coating technique vaa developed by 
Geppert, Dore, and ftjeller at Stanford Research 
InsUtute in 1969. This technique uses photoresist 
mixed with oxide cathode coating, which is then delin- 
eated photollthographically. 

In practice, the cathode coating is spin onto the 
wafer and delineated like photoresist. The circuit is 
then packaged and placed on a vacuun pmp. The pack- 
age is evacuated and the cathode coating activated by 
eqiplylng pcwer to the heater until the substrate ap- 
proaches 900*C. 

During normal operation, the heaters are used to 
heat the substrate to 7 50-800* C in order to provide 
acceptable electron anissicxi from the cathode 
(>100 m^'anM . 

Current Tlechnolociv and Umitatinns 

Figure 4 is a picture of the first Los Alauos ITC 
device, manufactured in 1977. The lines amd spaces 
are 5 mils. The heater pattern is visible on the back 
of the sapphire. The darker fingers are the cathodes. 

Figure 5 is an array uf three devices frcxn 1979. 
The cathode and grid lines are 1 mil, auxi spaces be- 
tween grids and cathode eu:e 0.2 mil. 

Because the oxide cathode is granular in nature 
(with crystals on the order of 1/im), the 0.2 spacing 
appears to represent an optimal limit to device size. 

This technology yields a miniimin device size of 
approximately 10 by 3.5 mils, which is enough to hold 
over 12,000 devices on a pair of 3/4-in. -dian sapphire 
substrates. As will be described later, factors other 
than minimixn device size currently limit the useful 
density of devices on a substrate. 

Hiol-TeiBfratMr** (^aeration 
The 40Q*C and 500*C Operations to Date 

The high-tenperaturs operation tests conducted to 
date fall into two categories by time frene and pack- 
age material. The run Septonber 1979 through February 
1980 used the stainless steel (302) or Rovar owelope 
materials. High-toiperature vacuun feedthrr ighs using 
stainless steel, edunlnus, and high-tenperature brazes 
were designed for these packages by Ceranaseal Corpo- 
ration, New Lebanon, Nw York. Initially, these pack- 
ages h^ problons with the evolution of manganese, 
iron, and chronlun, (in the form of diatonic oxides, 
for exonple WijO]), plus the liberation of gases at 
higher tanperatures. As a result, these tests, de- 
scribed in the ipper portion of Thble I, should only 
be considered preliminary. Even so, the 400*C test 
device operated successfully for over 7000 hours. A 
nunber of sinple circuits were also rui in hlgh-tem- 
perature envlrotments using these initial packages. 



Fig. 4. First Los Alamos ITC device (1977) . 
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HEH TOf’ESATURE LIFE TEST SUH«0f - 1st SERIES 


Ttm- 

Start 

imte 

Hniirp 

TVl» 

Bulb 

Mitprial 

rtnmert-p 

400"C 

9-26-79 

7750 

Triode 

Rovar 

No appreciable degradation through 6000 hours; 
anissicn loss thereafter stepped at 8 C% loss. 

500"C 

9-27-79 

1608 

Aiplifier 

( 2 -devioe) 

Kovar 

Stopped - gain of 1; individbal tests indicated 
sni^on loss. 

500"C 

9-17-79 

2590 

Triode 

KOvar 

No anissicn degratktion through 2000 hours; increasing 
ga . load, oniasicji loss thereafter stopped at 50%. 

500"C 

10-18-79 

430 

Triode 

Kovar 

Stopped - loss of emission. 

500"C 

10-4-79 

4464 

Triode 

S.S. 

No degradaticn throu^ 4000 hours; onissian loss 
thereafter stopped at 50% loss. 

600"C 

9-20-79 

328 

Triode 

Kovar 

Stopped - loss of emission. 

5C0"C 

11-2-79 

1070 

Differential aiv> 
( 6 -devioe) 

Kcvar 

Stopped - decreasing ^dn; electrical leakage 
on substrate. 

500"C 

11-7-79 

6144 

Triode in Ti jig 

Kcvar 

Graljal deciline in onissian with increasing 
gas loads after 2000 hours; stopped at 50% loss. 

500"C 

1-31-80 

588 

5-HIZ nHPillatnr 

Kovar 

Oscillation stopped; electrical leakage on aihetrate. 

500"C 

2-19-80 

816 

5-MIz oscillator 

Kovar 

Oscillaticn stopped; electrical leakage on sibstrate. 


The afccwe tests have all been teonimted. FbUoving tests are cngoing using hi^»-purity nickel bulbs and "clean* 
welding tetdiuques. 


Hlffl TB«»A"TT'r LIFE TEST SUWKOf - 2nd SERIES - DfKWED HUIB 


Start 10-8-80 Bulb 

3&1P. J39te Hcurs TVpe Efeterial Ocmrents 

500*C 5-9-80 3648 Triode Ni 

550*C 7-8-80 2208 Triocfe Hi 


In all cases, failure was due bo electrical leakage on 
the substrate because the metals were being liberated 
from the package. The 5-fHz HarUey oscillator oper- 
ated with both the capacitor and inductor at 500"C. 

With the understandings evolved fran the stain- 
less steel and Rovar tests, a newer package was 6 e- 
si^d using nickel. The first test began May 19, 
1980, and is still running after 6312 hours. Figures 
6 and 7 show the device characteristics on ftey 19 and 
October 9. The device characteristics are virtually 
wchanged. 

The second test, rd.ao ongoing, uses a device 
operating at 550"C; the device is vedved off the puip 
to allw periodic gas-burst tests. This device is 
still being evaluated after 2200 hours. The results 
are tentative because no si 9 is of gas have been seen 
in the characteristics after the 1400-hour gas burst. 

Conclusions Regarding Hiah-Ttoerature aaeratlon 

Based on the tests performed to date, ITC tech- 
nology has demonstrated the ^ility to operate 


No degradaticn in anissicn; r» leakage. 

Vaived off puip to facilitate gas burst tests; 
developed loops. Burst test at 1400 hours instated 
eurgon present; evidence of 91 s cleared ard did not 
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Fig. 6 . Biproved package (500"O first d^ 




Fig. 7. Device (500»C) after 3600 hours. 


successfully and reliably for thousands of hours at 
terrcratures to 500*C. This tetn)erature is not the 
fmdaniental limit for ITC devices, and with the evolu- 
tion of better gettering teciiniques (more complex than 
titemiun) and packaging techniques (perhaps glc<ss- 
oeramic - reference paper to be given at this confer- 
ence by Dr. aiff Ballard, Sandia Laboratories) , 
hitter taiperature operations are expected in the 
future. 

Circuits 

The design of nc circuits is in many ways simi- 
lar to the design of conventional integrated circuits. 
Therefore, ITC design techniques use the adveuitages 
gained from the simultaneous fabrication cC nany de- 
vices on the sane substrate. The inherent matching of 
device characteristics and the tracking of these char- 
acteristics over temperature and life are exploited. 
Firctianal circuit elanents such as dlfferentlonal 
stages, current sources, and circuits that use active 
devices as loads have b^. fabricated using discrete 
ITC devices, and their performance has been verified 
against theory. The sinple active load, shewn in 
Fig. 8, is particularly valuable because its gain 


X 



{-U/2) is only dependent on device geometry, the ratio 
of line width to cathode-anode spacing. T^refore, 
the gain of the stage is independent of the trans- 
conductances of the two devices eutd, hence, of the 
operating tenperatures. 

As a result of the success of designing firtc- 
tional nc circuits using discrete devices, the design 
of integrated ITC circuits has become the recent em- 
phasis of the program. Because these efforts are on- 
going, this section will mainly contain general com- 
ments and directions for future work. 

The design of integrated circuitry with oenplex 
functions on a single pair of substrates presents new 
challenges and possibilities as a result of device 
matching and, liifortunately, some problems, in partic- 
ular, electrostatic interactions between dwloes. 

Figure 9 schematically depicts the origin of 
such Interactions, 



— ► =ELECn*IC FIELD 


Fig. 9. Electrostatic interactions. 


The key to increasing the ftnctional ccnplexity 
and naximum gain on a single substrate pair will be 
the development of appropriate techniqiKo tor making 
design tradeoffs between device layout (position on 
the substrate) and circuit fmetion. 

Although results are still tentative. Figs. 10 
amd 11 show the layout of one experimental pair of sub- 
strates for a diffe.'entiul gain stage. In current ex- 
periments, a series uf device masks are used to photo- 
llthographically generate an array of devices, which 
are then interconnected using a series of masks with 
line segnents. Results suggest that a reasonable 
2-year goal for ITC tedinology is the desi^ of an 
operational amplifier with a voltage gain of 1000 or 
more on a pair of O.TS-in.-dlm substrates. 

Conclusions 


X 

Fig. 8. Gain stage with active load. 


Based on the results described above, the future 
for ITC technology is bright. Progrsanatic efforts 
have led to an ITC technology with demonstrated hlgh- 
tenperature capability (500*C for thousands of hours) 
and to fabrication techniques oonmensurate with mass 
production. Pt^sical models and detailed device un- 
vrstandlngs have been developed. Preliminary cir- 
cuits using discrete devioec, single not Integrated, 
have dekoonstated the potentied of iTCs. All that re- 
mains is the final developnent of Integrated circuit 
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GALLIUM fHOSPHIDI HIGH TEMPERATURE DIODES* 


R. J. Chaffin, Division 5133 
L. R, Dawson. Division 5154 
Sandia National Laboratories 
Albuquerque, New Mexico 871B5 


SUMMARY 

The purpose of this work is to develop 
high temperature (>300°C) diodes lor geothemal iuid 
other energy applications. A conparison of reverse 
leakage currents of Si, GaAs and GaP is made. 

Diodes made from GaP should be usable to >500 C. An 
LPE process for producing high quality, grown junction 
GaP diodes is described. This process uses low vapor 
pressure Mg as a dopant which allows multiple boat 
growth in the same LPE run. These LPE wafers have 
been cut into die emd metallized to make the diodes. 
These diodes produce leakage currents below 10~^ 

A/cm^ at 400°C while exhibiting good high temperature 
rectification characteristics. High temperature life 
test data is presented which shows exceptional st 2 d)il- 
ity of the V-I characteristics. 

1 THEORY 

The choice of semiconductor material used to 
fabricate diodes is dominated by the reverse leakage 
characteristics desired. The reverse leakage current 
density of an abrupt P* -N junction is given by:*'^ 



where D • hole diffusion coefficient 
P 

T • hole lifetime (in the n region) 

P 

* depletion region carrier lifetime 

n^ » intrinsic ceurrier concentration 

e ■ electronic charge 

N_ • donor concentration 
D 

H • depletion layer width 

The first term on the right side of Eq. (1) 
represents the diffusion of minority carriers within 
a diffusion length of the junction which produces a 
reverse leakage current. This component is independ- 
ent of bias. The second term on the right of Eq. (1) 
represents generation-recombination current in the 
depletion region and is dependent on bias through the 
depletion width. Generally the •-ecombination current 
term will dominate at low temperatures and the diffusion 
current term will d'nindte at higher temperatures. 

The crossover point .0 primarily dependent on the 
sericonductor band gap and Carrier lifetime. The 
appropriate parameters for Silicon (Si) , Gallium 
Arsenide (GaAs) and Gallium Phosphide (GaP) were used 
to evaluate Eq. (1) as a function of temperature for 
the three materials. The results for reverse leakage 
current density at -3V are shoivn in Figure 1. The 
arrows on the curves mark the crossover temperature 
of the two components of leakage current. For 
temperatures to the left of the arrows generation- 
recombination current dominates and diffusion current 
dominates at tempe'eurea to the right. 


*Thia work sponsored by the U. S. Department of Energy 
(D.O.E.) under Contract DE-AC04-76-DP00789 

^A. U. S. Department of Energy facility. 


The figure shows that for temperatures in the 
20-300 C reuige GaAs and 51 have similar leakage 
currents. (The high depletion region generation- 
recombination current in GaAs offsets its wider 
bandgap.) Calculations show that GaP diode reverse 
leakage should be dominated by generation-recombina- 
tion current up to 650 C and is at least 5 orders of 
magnitude lower than Si. Hence it can be seen that 
Gap should f>e an excellent choice for high temperature 
semiconductor devices. 

This fact is demonstrated in Figure 2. Tills 
figure shows a V-I characteristic of a Sandia-made 
P'*' -N GaP diode at 400°C. The leakage of the GaP 
diode is not discemable on the figure. The measured 
current density at -3V and 400 C was 7 x lO”** amp/cm^ 
for the GaP diode. 



rmPTRSTURC Cl 

Figure 1. Comparison of reverse leakage current 
density vs. ten^ierature for GaAs, Si and Gap. 



Figure 2. GaP grown junction diode characterist- 
ic at 400°C. (Horizontal ■ 5V/div, vertical ■ 1 mA/ 
div.) 

II DIODE FABRICATION 

To realize a device whose operation will not )ae 
degraded by the high density of chemical impurities 
and structural defects present in tjgilcal bulk Gap 
substrate material, the all-epitaxial structure of 
Figure 3 is used. The N side of the junction is 
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lightly doped to provide as high revarse breakdown 
voltage as possible. The p aide can then be relatively 
highly doped to facilitate ohmic contacting of the top 
surface. 

This structure was prepared using liquid phase 
epitaxy for the growth of both layers during a single 
growth cycle. 



stress-free configuration using 1.5 mil diameter gold 
I'trow bonded to each aide of the chip. This was done 
to eliminate any die attach stresses or material 
interactions due to the header attachment scheme. 
These devices are shown in Figure 5. It should be 
emphasised that the mounting configuration shewn in 
Figure 5 is not proposed for fielded devices, but 
ratner it is a scheme used to remove any contril<ution 
of header stress or bonding agent reactions for 
testing device characteristics. 
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Figure 3. Grown Junction GaP Diode. 

The growth apparatus shown in Figure 4 is a 
sliding boat assemlily constructed from high purity 
graphite. The body of the assembly contains wells 
for two growth solutions, one for the grovJth of the 
N layer, a second for the growth of the P layer. To 
maintain background (no intentional doping) carrier 
concentration as low as the 1 x 10*® cm'^ level desired 
for the N layer, the growth temperature used was BSO'^C. 
At this relatively low growth temperature. Si contamin- 
ation of the growth solutions from the quartz walls of 
the system is minimal. To ensure that no cross 
contamination of the N solution occurs from the 
Heavily doped P solution, relatively non-volatile Mg 
is used „s the P dopant in place of the highly volatile 
Zn normally used to dope GaP P type.^ since Mg 
possesses a stable oxide, provision is made for adding 
this dopant after a pre- bake cycle removes residual 
oxygen from the growth solutions, as in Figure 4A. 

The system is then permitted to equilibrate at the 
growth temperature (850°C) for 2 hours, as in 4B, 
after which the slider is translated to bring the 
GaP substrate into contact with the first growth 
solution, as in <C. Cooling then causes the solution 
to become super-saturated and epitaxial growt.i occurs 
on the substrate. When the N- layer is sufficiently 
thick, the slider is again translated to bring the 
subst-ate in contact with the second melt for growth 
of the p layer , after i^ich further translation of the 
slider separates the substrate from the liquid. 

The diode metallization system used was: 

P* contact - Be/Au OOOOJI s, 1% Be by weight) 

(7 mi? dot) followed by 300oA of pure Au 
^ (vacuum evaporated) 

N contact - The contact was sputtered (full 
•u^^Ace) in the following sequence: 

Ai:/Ge (88/12) -vlOOO A, Au -v 25oA, 

Ni s. 600 A, Au s, 4000 A, 

Contacts annealed at 450”c (10 minutes) in 

The first lot of diodes tested were nxninted in ceramic 
flat pack headers (N+ side down) with a high tempera- 
ture, polymide silver loaded adiwsive. Gold wires 
(1.5 mil) were used to nuOce contact to the top of the 
die. However, this configuration was found to be 
unsatisfactory due to deterioration of the adhesive at 
high temperatures The scheme finally chosen was a 
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Figure 4. Liquid Phase Epitaxial Growth System. 



Figure 5. Stress-Free Diode Mount. 

Ill DIODE C.^tRACTERISTlCS 

A typical I-V characteristic of a GaP diode «vas 
shown in Figure 2. The breakdown vcltage was nwasured 
to be 90V at 400 Ci the breakdown characteristic re- 
lins fairly sharp even at this elevated temperature, 
ine fact tliat the leakage current is larger thar the 
value predicted (nee Figure 1) means that there Is some 
leakage at the sawed edges of the die. 

The zero bias capacitance of the 15 mil cquare 
chips was measured to be 22 pF. This correspo s to 
a 0.56 u zero bias depletion width. 
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IV ENVIRONMENTAL TESTS 


REFERENCES 


The Gap diodes trere subjected to a life test 
under bias. Three bias conditions were used; forward 
bias (5 mA) , reverse bias (-10 V) and open circuit 
(zero bias) . The diodes were placed in ovens at 
300 C. The devices were not sealed and the oven 
contained room air. The parameters of the diodes 
were checked as a function of time in the oven. 

The results of this test are sumnarized in 
Figure 6. This figure shows that no detectable 
degradation in series resistance occurred in any of 
the three bias states. The room temperature reverse 
leakage did show a slight increase, Increaising from 
nominally 10~^ amps to 10~^ 2 unps after 991 hours at 
300 C. There was not a strong correlation between 
bias state and lealiage increase. The reverse leak- 
age at 300 C showed a slight decrease after 991 
hours. This stability in diode parameters is inter- 
preted as meaning that the diode metallizations and 
junction dopants are stable at lOO^C with, bias for at 
leeist 1000 hours. 
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Figure 6. 


300°C Life Test Data on Stress Free GaP 
Diodes . 


V CONCLUSIONS 


This paper has presented data on gallium- 
phosphide, grown junction diodes for high temperature 
applications. Information on fabrication methods 
were presented. Evaluation data shows: good low 

leakage rectification characteristics at 400°C and 
stable junction and metallization parameters at 300°C 
for at least 1000 hours. The only problem encountered 
was the "high taaperature" polyimide adhesive used to 
bond the diode chips to the headers. A new eutetic 
chip bonding procedure is presently being developed 
to solve this problem. 
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A GALLIOH PHOSPHIDE HIGH-TEHPERATURE BIPOLAR JQHCTION TRANSISTOR* 


T. E. Zlpperlan, Division 5133 
L. R. Dawson, Division 5154 
R. J. Chaffin, Division 5133 
Sandia National I,aboratories'^ 


SUMMARY 

Preliminary results are reported on the develop- 
ment of a high-temperature (>350*^C) gallium phosphide 
bipolar junction transistor (BJT) for geothermal and 
other energy applications. This four-layer p+n'pp* 
structure was formed by liquid phase epitaxy using a 
supercooling technique to Insure uniform nucleation 
of the thin layers. Magnesium was used as the p-type 
dopant to avoid excessive out-diffusion into the 
lightly doped base. By appropriate choice of elec- 
trodes, the device may also be driven as an n-channel 
junction field-effect transistor. 

The gallium phosphide BJT is observed to have a 
common-emitter current gain peaking in the range of 
6-10 ifor temperatures from 20®C to 400°C) and a room- 
temperature, puachthrough-limited, collector-emitter 
breakdown voltage of approximately -6V. other para- 
meters of interest include an f^ = 400 KHz (at 20°C) 
cuid a collector base leakage current = -200 UA (at 
350°C) . 

The initial design suffers from a series resist- 
ance problem which limits the transistor's usefulness 
at high temperatures. This is not a fundamental 
material limit, and second generation structures are 
presently in process which will alleviate this problem 
as well as isprove the device's output resistance and 
brecUcdown voltage. 

INTRODUCTION 

Recent successful operation^ of gallium phosphide 
high-tenperature diodes at temperatures and times 
exceeding 300 C and 1000 hours respectively, has 
prompted the developDent of a gallium phosphide 
bipolar junction transistor (BJT) for geothermal and 
other energy applications. Using contacting and epi- 
taxial growth technologies similar to the diodes of 
Bef. 1, a prototype, four-layer p n“pp'*’ structure 
has been successfully fabricated and evaluated at 
temperatures up to 440°C. The processing sequence 
and device characteristics of the G<d’ BJT, as well 
as suggested improvements euid predicted characteristics 
will be discussed. 

FABRICATION 

The structure of the prototype GaP trcmsistor 
is shown in Fig. 1. This all-epitaxial device 
incorporates a double-base stripe geometry, a mesa- 
isolated emitter region, and a saw-isolated 
collector region. Important structural information 
is sunmiarized in Table I below. By appropriate 
connection of electrodes, the device may also be 
driven as an n-channel junction field-effect 
transistor (JFET) . 


•This work sponsored by the U. S. Department of Energy 
(D.O.E.) under Contract DE-AC04-76-DP00789. 

^A U. S. Depcurtment of Energy facility. 


TABLE I 


Baitter acceptor concentration 

2.xl0*®cm"* 

Ehiitter thlc)cness 

0.9 vm 

Qaitter-Base junction 2 urea 

a.GxlO”** cm* 

Base donor concentration 

2.xl0*®cm“® 

Base thic)cness 

1.1 wm 

Epitaxial collector acceptor 
concentration 

l.Sxlo'Vcm' 

Epitaxial collector thicJcness 

4 urn 

Collector-Base junction area 

4.xl0-®cm2 

Substrate acceptor concentration 

l.xl0^®cm-® 



Figure 1. Structure of a prototype GaP high-teiiq>era- 
ture bipolar junction transistor (BJT) with a mesa- 
etched emitter, chip size 500x750 urn. The device 
may also be driven as an n-channel junction field- 
effect transistor (JFET) tdiere the beise region 
serves as the channel euid the emitter and collector 
regions function as upper and lower gates, respective- 
ly. 

The device of Fig. 1 is fabricated from a 
3-layer p+n"p structure prepared by liquid phase 
epitaxy (LPE) on a p* substrate. The graphite 
sliding tx>at assembly used to grow these layers 
is shown in Fig. 2. Non-volatile Mg is used as 
the p-type dopimt to avoid vapor-phase contamina- 
tion of the lightly doped n-type growth solution . 

A pre-b 2 dce under flowing purified in position 
2a is used to remove residual oxygen from the 
growth solutions before addition of the Mg dopant. 
After addition of Mg, the system is raised to the 
growth teiiq>erature (850®C) and held for —2 hrs. to 
allow saturation of the solution with phosphorus 
(Fig. 2b) . Growth is initiated by quickly de- 
creasing the system temperature by is'^c, causing 
each solution to become correspondingly super- 
cooled. The slider is then translated to bring 
the GaP substrate in contact with the first super- 
cooled solution, as in Fig. 2c. Due to the super- 
cooling, nucleation immediately occurs on the 
substrate, leading to epitaxial growth. Subsequent 
translation of the slider brings the substrate in 
contact with the other growth solutions for the 
completion of the multilayer structure. 
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By adjusting the amount of supercooling and 
the duration of cont^u;t betueen substrata and 
growth solution, layer thicknesses as small as 
0.2 urn can be controlled. Interface planarity, 
as delineated by staining in IHPilHjO,, is 
excellent, owing to the supercooling technique, 
which avoids nonuniform nucleation and 
grxMfth. 
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Figure 2. Graphite sliding boat assembly used for 
liquid phase epitaxial growth of the three active 
layers of the GaP BJT. 


Once the resistivity and thickness of all 
three active layers are defined by LPE, the 
processing sequence of Fig. 3 is implemented to 
uncover the base and contact all three regions. 

first step (Fig. 3a) involves definition 
of a thermally evaporated Au-Be/Au emitter 
metalization by a single-step optical lift-off 
process.^ Next, 300 nm of plasma— enhanced 
CVD Si-N is deposited and patterned to serve 
as a masking material for the Gap etchant. The 
emitter mesa is then formed (Fig. 3b) by chemical- 
ly removing unwanted p"*" material in a K Fe(CN), 
(O.S molar): KOH (1.0 molar) TOlution at 17°C.® 
Without agitation this mixture etches p-type GaP 
at 80 ^ 8 nm/min. The Au-Ge/Ni/Au base metal- 
ization is then defined (Fig. 3c) by deposition 
through a shadow mask. After thermal evaporation 
of the Au-Be/Au collector metalization on the 
back of the wafer, the contacts are annealed 
at 500 C for 15 min in H_ • Individual transistors 
are then formed (Fig. 3d) by sawing the wafer 
into dice with a high-speed diamond-ii^regnated 
saw. The transistors are then mounted in ceramic 
headers using a silver loaded polyimide adhesive 
and contact is made using thermoccoqiression- 
bonded, 1.0 mil Au wire. This pac)caging technique 
is unsatisfactory for life testing, liowever, as 
the polyimide adhesive is )cnown to fail^ after 
^tended use at or above 300^C. 


Figure 3 . Processing sequence for the prototype 
Gap BJT 


DEVICE EVALUATION AMD DISCOSSION 

The Gap transistor described aliove was evaluated 
in both the bipolar and JFBT nodes. Ccsmion-emitter 
output characteristics of the device at 20°c and 350°C 
are shown in Fig. 4. The transistor is observed to 
have a cosmon-emitter current gain (at 20°C or 350°C) 
peaking in the range of 6-10 and a room temperature, 
punchthrough-limited, collector-emitter breakdown 
voltage of approximately -6V. Other parameters of 
interest for this device include an f^ • 400 kHz 
(20 C) ^ a collector-base leakage current - - 200 uA 
(T = 350 C, = -4V) . A simple amplifier construct- 
ed from this transistor prodi;ced power gains of: 

16dB at 20 C and 350 C; 12.5 dB at 400°Cs and 2.2dB 
at 440 c. Operated as a JFET the transistor had a 
double-gate pinchoff voltage = 1.8V (20°C) and a 
common-source transconductance = 120 uS (20®) . No 
extended life tests have been performed on these 
structures to date. 

The low value of the common-source transconduct- 
ance and the degradation of the coamion-emitter output 
c)iaracteri8tics at high-temperature are both due to 
excessive series resistance in the lightly doped 
n-type r^ion of the initial design. In the JFET 
mode, this resistance appears in series with the 
source and drain. This seriously degrades the JFET 
properties as any voltage drop across the source 
resistance appears as negative feedback on the gate. 
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350°C 


Figure 4. Con»non-eiiiltter output characteristics of 
the GaP BJT at 20 C and 350 C. (! - -0.5niA/dlv, 

V__ * -IV/dlv, • -0.05mA/step.*' The curves are 
CE a 

inverted for clarity). 

In the bipolar mode the resistance of the n-type 
region appears as a parasitic base resistance. The 
voltage drop developed across this resistance by the 
base current causes a decrease in the effective emitter 
area of the device. This effect Is accentuated by the 
transistors' low value of current gain. The effective 
emitter area in turn modulates the effective collector 
and emitter resistances. As iole and electron mobil- 
ities decrease at high temperature, all series 
resistances increase and the conmon-emltter output 
characteristics appear to collapse from the saturation 
side. 

Looking at this effect in adifferent way. Fig. 5 
shows comnion-emitter, a. c. current gain as a function 
of collector current emd temperature. The current 
gain below the tirk effect"* limit stays relatively 
constant with temperature whereas the peak in the 
current gain decreases. The important point to note 
from Fig. 5 is that the poor high-temperature 
properties of the device are limited by the series 
resistance of our rattier crude initial geometry and 
not be any fundamental materials limit. 


An improved structure presently in process which 
addresses seme of these problems is shown in Fig. 6. 
This device util Lzes selective thinning of the base 
region emd a metallorganic CVD deposited emitter to 
determine active device areas. A thicker Inactive 
base region with an optimized doping concentration 
should decrease base resistance, increase the 
collector-emitter breakdown voltage and increase ths 
output resistance. An etched rather than, sawn 
termination of the collector-base junction should 
reduce collector-base leakage at high-temperatures. 
Utilizing improved structures such ar the one shown 
in Fig. 6, a GaP device operating at 400°C for periods 
in excess of 1000 hours is expected in the near 
future. 



Figure 6. An improved GaP BJT incorporating a 
selectively thinned base region, an emitter region 
deposited by metallorganic CVD, and an etch- 
terminated collector-base junction. 

CONCLOSION 

Preliminary results have been reported on the 
development of a GaP bipolar junction transistor 
for geothermal and other high-temperature applications. 
A fabrication sequence for the transistor as well 
as device characteristics have been described. A 
series resistance problem with the initial design 
has been identified and suggestions have been made for 
improved structures. 

The authors wish to thank T. A. Plut 
J. B. Snelling, and R. Chavez for their expert assist- 
ance in the prep>aration and measurement of these 
samples . 
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RELIABIUTY STUDY OF REFRACTORY GATE GALLIUM ARSENIDE HBSFETS* 
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Lubbock, Texas 79409 


Refractory gate MESFETs have been fabricated as 
an alternative to aluadnum gate devices, which have 
been found to be unreliable as RF power amplifiers. 

The reliability of the new structures has not yet 
been determined, and this work was undertaken to pro- 
vide statistics of failure and Information about 
mechanisms of failure in refractory gate MESFETs. 

Test translators were stressed under conditions of 
high temperature and forward gate current to enhance 
failure; results of work at ISO °C and 275 °C ate 
reported here. 

Introduction 

Until recently, the semiconductor industry metal 
standard for MESFET fabrication was alusilniai, par- 
ticularly for the gate. The reliability of aluminum 

metallized MESFETs has been extensively studied, 
and certain failure mechanisms have been identified, 
all involving the aluminum gate metallization. The 
most Important of these are aluminum electrosiigratlon 
and gold-aluminum phase formation. The failure prob- 
lem In alumlnin metallized power MESFETs has become 
so acute that the aluminum gate is being abandoned, 
and a refractory gate is being introduced in its 
place. This gate consists of a refractory metal 
Schottky contact and a conducting gold metallization, 
separated by some Intermediate metal to provide metal- 
lurgical stability; the most common refractory gate 
Is tltanium-platlnum-gold. The reliability of refrac- 
tory gate MESFETs has been assumed to be better than 
that of aluminum gate MESFETs. However, electro- 

11-12 

migration has been observed in gold and in tita- 

13-14 

nium-gold films, and failure modes in refractory 

gate devices similar to those in aluminum gate devices 
are possible. This work was undertaken to obtain 
statistics on failure for and to determine failure 
modes of refractory gate MESFETs. 

Experimental Procedure 

The MESFET used in this work Is the Texas Instru- 
ments MS 801 galllimi arsenide transistor in the strip- 
line package. Each packaged chip consists of two 
individual cells, each cell delivering 250 mH of micro- 
wave power at 8 GHz; only one of the cells is used in 
the MS801. Normally, the chip is sealed in epoxy for 
protection; however, the epoxy fails near 200 C, so 
that the devices tested here were unencapsulated to 
permit measuresients at higher temperatures. Source 
and drain ohmic contacts are formed by evaporating a 
gold-genunlum-nlckel layer over the entire contact 
region and alloying, evaporating titanium-gold or 
chrome-gold, Chen gold-plating the source and drain 
pad regions. The source-drain separation is 6 pm; 
four central gate stripes, 2 pm by .006 inch, are 
connected in parallel at the gate pad. The gate 
stripes and pad are formed by electron beam evaporating 
successive layers of titanium (the Schottky contact) , 
platinum and gold. 

The test fixture is made from a nickel-clad high 
temperature laminate; contact is made between a high 
temperature PC board connector and the device leads by 

*Thls work was supported by the Naval Air Systems 
Command under Contract N00014-78-C-0738. 


way of stripllnes patterned in Che nickel. The con- 
nectors accomodate two fixtures side-by-side; a 
stainless steel tray holds fourteen connectors, so 
that up Co twenty-eight devices can be stressed slisul- 
taneously. The temperature test chatf>er is a 315 °C 
inert gas oven configured for nitrogen flow. A three 
inch diameter feedthrough port, capped %>ltb a PTFE 
feedthrough, completes the test chamber arrangement. 

A Chersiocouple measures the temperature at the geo- 
metric center of the tray at sample height. 

The devices were stressed electrically at two 
channel temperatures, 150 °C and 275 ^C. Electrical 
stress consisted of biasing each device near and 

driving Che gate into forward condition, in some cases, 
quite heavily. The devices could not be biased at the 
sane values of and simultaneously at the sasie 

drain-source voltages, because of their different 
characteristics; in order to maintain equal DC channel 
power dissipation, and equal channel teiq>eratures for 
all devices during stress, Che device with the lowest 

1. curve (V - 0) was biased at the intersection 
dss ' gs 

of the load line and the I. curve and the other 

dss 

devices (at the same chamber ceisperature) were biased 
at a drain current equal to that value of 1^^. For 

equal load lines, all devices Chen were biased at the 
same quiescent value of V^. Although the ocher de- 
vices were biased below their I . values, forward 

dss * 

gate current flowed for sufficient positive gate- 
source voltage swing. The gate-source voltage swings 
were set to provide equal drain-source voltage swings, 
in order to obtain the same AC channel power dis- 
sipation. 

The output resistance of the MESFET becomes nega- 
tive at certain values of the drain current and drain- 
source voltage. It Che load line passes through a 
region of device negative resistance, there is a con- 
siderable possibility of oscillation, so that the 
drain resistance must be such as to limit operation to 
a safe region, that is, to a region of positive output 
resistance. The safe value of the drain resistance is 
obtained by drawing a load line which begins at Che 
drain bias voltage on the axis and which crosses 

the Ijgg curve at its comer, just below the point at 

which Che output resistance becomes negative. This 
value is, of course, different for different devices, 
and even for a single device at various temperatures. 
I^^^ decreases with Increasing temperature; for a 

given transistor, a drain resistor will have Its high- 
est safe value at the highest test temperature. If 
that highest value Is chosen as Che drain load, the 
load line will be safe at all lower temperatures. 
Furthermore, if chat safe value is calculated on the 

basis of Che lowest I. curve out of the entire set 
dss 

of transistors, that value will assure a safe load 
line for every device in Che set, at any temperature 
below the maximum test temperature. (This assuses 
that all devices exhibit roughly the same percentage 
decrease in 1^^^ with increasing temperature; the as- 
sumption was validated by coaqiarlng Che behavior of 
several devices.) If Che same load resistance is used 
for every test device, each MESFET can be biased to 
the same quiescent point, and driven with identical 
AC swings. The average drain power dissipated is the 


63 


Results and Discussion 


same for each device, so that power (of channel tem- 
perature) Is the same; however, If the gate of each 
device Is driven Into forward conduction, the forward 
current drawn by each gate Is different for equal 
drain current swings (for different values). 

The statistically significant stress Is then the for- 
ward gate current. 

The gate voltage was varied around Its quiescent 
point, so that forward current flowed only during part 
of the AC cycle. Very low reverse gate currents 

flowed when the drain current was below I . , that Is, 

dss 

for negative gate-source swings, so that a roughly 
half-wave rectified forward gate current was obtained; 
true sinusoidal behavior could not be obtained be- 
cause of the non-llnearlty of the d,.ode curv<t. The 
high temperature stress was interrupted at logarithmic 
time Intervals and the devices were cooled down to 
room tesq>erature for failure characterization. The 
stress periods were nominally 20, SO, 100, 200, SOO, 
and 1000 hours. 


Electrical Measurements 


Five measurements were originally planned for 
high temperature characterization and failure analysis: 
the characteristic curves, from which Che transcon- 
ductance, g^, could be obtained; the plnch-off vol- 
tage, an vs. curve; the gate-source re- 

verse leakage current (drain-source short) , I ; 

Che forward gate-source current-voltage characteris- 
tics (drain-source short), I, ; and the zero bias 

[gss 

gate-source capacitance (drain-source short), 

The capacitance measurement could not be performed 
because of the very high parasltlcs associated with 
the test assembly. The gate leakage current measure- 
ments were not made at elevated temperatures. Inasmuch 
as the very high reverse gate-source currents made 
these measurements Impractical. The time required to 
make a complete series of measurements at high tem- 
peratures for the total number of devices Involved 
was long enough to be comparable to the stress periods 
between room temperature measurement; elimination of 
the reverse leakage measurement, which is primarily of 
value as a room temperature failure criterion, reduced 
the total high temperature measurement time signifi- 
cantly. In order to reduce the time even more, high 
resolution plnch-off voltage measurements were not 
made at elevated temperatures; that is, V could be 

estimated from the high temperature characteristic 
curves, but no special measurement was made. The 
pinch-off voltage, like the gate-source reverse 
leakage, is a useful room temperature failure cri- 
terion. However, the characteristic curves, l^ggi 

and Ifggg. esn be related theoretically to tem- 
perature; these measurements were performed for every 
device at high temperature. The forward gate-source 
current measurements are particularly Important, 
Inasmuch as they provide the n-'actors and saturation 
currents (and barrier heights) for the gate Schottky 
diodes. Characterization of the devices was performed 
Initially at room temperature and each time the de- 
vices were cooled back to room temperature (nominally 
at 20, SO, 100, 200, 500, and 1000 hours) after a high 
temperature stress. High temperature measurements 
were made after the oven temperature had stabilized at 
Its high temperature value. Just before the oven power 
was turned off to cool the devices, and at dally In- 
tervals in between. 


curves were obtained and provided 
values of at ■ 2.5 V and at - 0.5 V; the 

latter Is essentially the slope of the l^i^g curve be- 
fore current saturation, and Is related to the channel 
resistance. The plnch-cff voltage was defined as the 
gate-source voltage required to reduce the drain cur- 
rent, at V. • 2.5 V, to 20Z of the value of 1. at 
ds dss 

that voltage. Inasmuch as l^gg changed during the 

stress, two plnch-off measurements were made; one was 
based on the original value of l^gg before stress, 

^dsso’ value of 1^^^ at the time 

of the plnch-off voltage measurement. The characteris- 
tic curves %rere also obtained and the values of the 
transconductance, g^, were calculated at the point of 

intersection of the load line and V. *2.5 V. The 


reverse leakage current, vas measured at a nega- 

tive gate-source voltage of 4 V, with a drain-source 
short. Finally, the forward gate-source diode charac- 
teristics, with a drain-source short were measured. 

The high temperature measurements were made under the 
same conditions, except that the plnch-off voltage and 
the reverse gate leakage current were not measured. 

The zero voltage saturation current, 1^, and the 

ideality factor, n, were calculated from the sieasured 
forward gate-source diode characteristics. The bar- 
rier height at the gate-source Interface was estimated 
from the values of I at room temperature and at the 


stress temperature. Failed devices were examined 
under a microscope, and their appearance was coizpared 
with Che appearance of similarly stress unfailed de- 
vices . 

Ten devices out of twenty-one failed as a result 
of stress at 150 °C; seven failed catastrophically be- 
cause of damage to Che gate lead and pad (five) or to 
Che drain pad (two) , and three exhibited electrically 
degraded behavior. Two of the latter became leaky, 
while the third exhibited a sharp reduction In 1^^^: 

no physical changes could be seen in the three under 
the microscope. There was no clear change in any of 
the measured electrical parameters for any device pre- 
ceding failure, nor for any unfailed device to the end 
of stress, either at room temperature or at 150 °C; In 
ocher words, there was no obvious electrical Indication 
of degradation or as a precursor for catastrophic fail- 
ure. No evidence of eleccromlgratlon could be seen by 
optical microscopy In any device, failed or not. 

These results at 150 °C are consistent with results 

obtained In ocher DC and RF measurements. 

Twenty devices were stressed at 275 u; seventeen 
failed catastrophically. Six of the catastrophic fail- 
ures were infant failures, occurring at the stress 
temperature within five hours of the beginning of the 
stress. The electrical failure mode here was high gate 
leakage and high channel resistance; microscopic exami- 
nation revealed gate pad damage in every case, with a 
burned area bridging the gate pad and source pad. Some 
drain-source common damage was also observed, but this 
may have been spill-over. The other eleven devices 
failed at times up to 1000 hours; six had high gate 
leakage and five were open gates. The open gate de- 
vices had lost their gate leads; Che gate pads were 
blackened and heavily damaged. Four of the six de- 
vices with high gate leakage displayed the same kind 
of gate pad-source pad damage and bridging as did the 
infant failures. It was not possible to determine 
from the microscopic examination whether the gate pad 
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failed, or if It fused as the result of failure else- 
where in the device. 

The eleven devices failed at the stress tem- 
perature also. All failed before the final room 
temperature measurements, at 1000 hours, could be 
performed. However, certain room temperature trends 
could be established by 500 hours of stress. In 
general, 1^^^ decreased from its pre-stress value, 

on the average, by 12Z, although decreases as great 
as 2SZ were observed; channel resistance increased 
by around ISZ; differential transconductance re- 
mained about the same, although the absolute trans- 
conductance decreased because of the compression of 
the characteristic curves; pinch-off voltage de- 
creased because of the reduction in I . ; the re- 

dss 

verse leakage current became very high, in the order 
of microamperes. The zero bias saturation current 
showed considerable variation; it is difficult to 
obtain precise values of inasmuch as an extrapo- 
lation to zero voltage is required, and a small 
change in the slope (the ideality factor, n) of the 
forward log current vs. voltage curve will introduce 
considerable inaccuracy. The ideality factor, n, 
increased from between 1.12 and 1.28 to around 1.18 
CO 1.47. The barrier height at the gate-substrate 
interface %ias estimated, and decreased, in general, 
from around 0.8 eV to 0.7 eV. 

The devices which did not fail catastrophically 
exhibited the same trends, except that the changes 
after 1000 hours of stress were greater than those 

after 500 hours for the failed devices. I . de- 

dss 

creased by an average of 17Z; channel resistance 
Increased by around 30Z; the reverse leakage current 
was in the order of tens of microamperes; the change 
in n was about the same as for the failed devices; 
and the estimated barrier height decreased from jome 

0.8 eV to 0.6 eV. 

Excluding the infant failures, all devices, in- 
cluding those which did not fail catastrophically, 
showed significant alterations in the drain stripe 
metallization. There was also some lifting of the 
silicon nitride overcoat; this is probably an effect 
of the high stress temperature, inasmuch as it also 
occurred in the adjacent cell, which had uo gate or 
drain connection, and carried no current. There was 
a build-up of metal at the gate pad end of the drain 
stripes, appearing as raised hillocks, and a thinning 
of the drain stripes near the drain pad. This is a 
surprising result, and does not agree with other ob- 
servations on similar devices under RF conditions, 
in which Che direction of metal migration is coward 
Che drain pad end of the drain stripes. The latter 
results, however, were obtained with essentially 
linear operation, and in the stresses Imposed in this 
work, substantial forward gate current (between SO mA 
and 100 mA) flowed. No control measurements on only 
DC biased devices were made at 275 C, so that it is 
not possible Co assess the effects of the forward 
gate current at this time. 
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ELECTRICAL SWITCHING IN CADMIUM BORACITE SINGLE CRYSTALS 
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Abstract - Cadmlun boracite single crystals at high 
temperatures (;% 300*C) were found to exhibit a 
reversible electric field-induced transition between 
a highly insulative and a conductivK state. The 
switching threshold is smaller than a few volts fot 
an electrode spacing of a few tenth of a millimeter 

2 3 

corresponding to an electric field of 10 10 V/cm. 

This is much smaller than the dielectric break-down 
field fur an insulator such as boracite. The Insula- 
tive state reappears after voltage removal. A pulse 
technique revealed two different types of switching. 
Unstable switching occurs when the pulse voltage 
slightly exceeds the switching threshold and is charac- 
terized by a pre-switching delay and also a residual 
current after voltage pulse removal. A stable type of 
switching occurs when the voltage becomes sufficiently 
high. Possible device applications of this switching 
phenomenon are discussed. 

Introduction 


recorder. 

In the pulse measurements, Che pulse generator (Toyo 
Telesonics) was capable of delivering a square pulse of 
maximum amplitude 10 V with various pulse lengths (1 
psec ‘x 10 msec) and pulse repetition rates (single 

sweep pulses/sec). Both the dc pulse and the 
current through a 50 KR load resistance %iere recorded 
on a storage oscilloscope (Tektronix type 564). 

DC Measurement 

When a crystal was heated to above a certain critical 
temperature T^, Che crystal could be made conductive 

upon the application of a dc voltage. Figure 1 is a 
schematic illustration of current-voltage characteris- 
tics for such switching. As can be seen, the switching 
is symmetrical with respect to voltage polarity. 

Before switching, the current is determined by the 
sample resistance since it is much larger than R, . 


A series of compounds having a chemical formula 
M^B^Oj^jX (H ° divalent metal, X = halogen) have been 

known to be isostructural with the mineral magnesium 
chlorine boracite (Mg^B^Oj^jCl) These compounds 

have an orthorhombic -Pea structure at room tem- 

_5 - 

perature and transform to a cubic T\-F43c structure 

o 

at a higher temperature. Extensive investigations 
of physical properties of boracite compounds were made 
in the past and some boracltes were found to be ferro- 
electric and leKromagnetlc simultaneously at low 
temperatures. ~ Recently, we have successfully grown 
single crystals of Cd boracltes, Cd^B^O^^X; X « Cl or 

Br, by a chemical vapor transport method. The 
crystallographic transition temperatures were 520 + 

5^C for the Cd-Cl boracite and 430 + 5"C for the Cd-Br 
boracite. During measurements on these crystals, we 
found that the crystals abruptly became conductive 
when a dc bias voltage was applied at above 300‘‘C, 
temperatures considerably below the transition tem- 
perature. The switching was reproducible and closely 

resembled that observed in chalcogenlde glasses , 
However, Che critical field strength required for such 
2 3 

switching (10 ''.10 V/cm) was at least one or two 
orders of magnitude smaller than chat in Che case of 
amorphous semiconductors. The results of dc and pulse 
measurements of this interesting switching phenomenon 
are described below. Possible device applications of 
this phenomenon will also be discussed. 


Sample Preparation and Measuring Technique 


The Cd boracite crystals were grown by a method 
described elsewhere.^” The crystals (max. edge length 
'V'5 mm) were cut Into slices having a simple crystallo- 
graphic face such as (100), (110), and (111) in 
pseudo-cubic Indices. Each slice was ground and 
polished with diamond paste. Electrodes of Au/Cr film 
were evaporated. The Cr inner layer adheres rigidly 
to boracite surface to make a good supporting film for 
the Au overlayer. Gold lead wires were attached to the 
electrodes with Ag-conductlng paste. In the dc 
measurements, the sample was connected in series with 

a large protective load resistance (10 'v> 100 KR) . 

A voltage across the sample (X) and a current through 
the load resistance (Y) were recorded on an X-Y 



Fig. 1. dc current-voltage characteristics of a 

Cd-X boracite crystal (X • Cl or Br) at T > T . 

“ c 

After the threshold is exceeded, a negative resistance 
region appears. In Che 'on' state, the dynamic resist- 
ance of the sample dV/dl takes a small positive or zero 
value. Unlike the case of threshold switching in 
amorphous semiconductors, there does not exist a criti- 
cal current, or a so-called holding current at which 

the sample abruptly switches back to the 'off state. 

It seems that Che sample gradually returns to the 'off 
state as the current is decreased. Therefore, the 
sample resistance in Che 'on' state cannot be clearly 
defined. The threshold voltage is dependent upon 

temperature and decreases with temperature increase. 

In Fig. 2, the temperature variation of for Cd-Cl 

boracite sandwich electrode samples of two different 
thickness are shown. Figure 3 is a similar result for 
a Cd-Br boracite sandwich electrode sample that shows 
the presence of temperature hysteresis on ooling. An 
apparent critical temperature T^, obtained by extra- 
polating to infinity. Is dependent upon sample 
thickness. The thicker the sample, the higher T^. The 
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threshold voltage Is not a linear function of 

thickness; the critical field Increases with thickness. 
The vs temperature curve does net show any anomaly 

at the crystallographic transition temperature T at 

f r 10 

which the peculiar twin lamellar structure disappears. 
It may be pointed out that for thinner samples is 

Indeed very close to the Inflexion temperature which 
appeared in differential thermal analysis (DTA) curves 
of Che crystal which are believed to show the exist- 
ence of a higher order phase transition. Much the 
same results were obtained In the case of coplanar 
electrode samples. 





u 

o 
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Fig. 2 . Threshold voltage V as a function of tem- 
perature for two Cd-Cl boracice sandwich electrode 
samples with different electrode spaclngs. 



Fig. 3. Threshold voltage V as a function of 
temperature for a Cd-Br boracite sandwich electrode 
sample . 

When a sample Is kept In the *on' state at a certain 
temperature, stabilization of the conductive state 
seems to sec In. That is, If the 'on' state Is main- 
tained for a short time, measured Immediately 

afterwards is considerably smaller than Its previous 


value. After repeated switchings, the 'on' state is 
temporarily stabilized. The stabilization of the 'on' 
state, or 'memory switching,' is always preceded by 
threshold switching In Cd boracites. Just as In the 

case of memory switching In chalcogenide glasses. 

The stabilized 'on' state In Cd boracites eventually 
returns to the 'off state after the removal of a dc 
voltage. Complete recovery requires times ranging 
from seconds to hours. The occurrence of stabilization 
of an 'on' state makes interpretation of dc measure- 
ments somewhat ambiguous. Accordingly, pulse 
measurements were carried out with results as next 
discussed below. 

Pulse Experiments 

Threshold switching was clearly observed In the 
pulse experiments. The critical temperature for 
switching was comparable to that observed In the dc 
experiments. However, there occurted several other 
peculiar phenomena not observed in the dc experiments. 

Two different types of switching were distinguished 
in the pulse experiments. The first type appears near 
the voltage switching threshold and Is characterized 
by a time delay before switching and by an unstable 
current. There also exists residual current after the 
pulse Is removed. In Fig. 4, an example of such 
'unstable' switching Is shown. The photograph was 
taken by multiple exposures at various pulse voltages. 



Fig. 4. Scope trace of unstable switching pulse 
(multiple exposure). Cd-Br boracite sandwich elec- 
trode sample with electrode spacing 0.38mm; voltage 
(upper trace) of IV/dlv; current (lower trace) of 
40iiA/dlv; time of 2 msec/div; single sweep trace; 
and temp of 340" + 2“C. 

As can be seen, the delay time shortens as the voltage 
Increases. After the removal of the pulse, rhr current 
disappears with a decay time of 15 "V 20 usee. An 
example of such a decaying current Is shown in Fig. 5. 
When the applied voltage becomes much larger than the 
threshold voltage for unstable switching, the switching 
begins to take place with almost no delay. The current 
lE stable and disappears Instantaneously after the 
removal of voltage (Fig. 6). Typical threshold voltage 
values for unstable switching V^^(USSW) and threshold 

voltage values for stable switching V , (SSU) for varl- 

th 

ous pulse lengths are shown In Table I, These voltage 
data were taken under constant duty operation, i.e., 
pulse length (sec) X pulse repetition (sec"^) - 0.1. 

As can be seen, both V^j^'s Increase as the pulse length 

decreases. V (SSW) Is at least 3 "V 4 times V . (USSW). 
tn th 

When the applied voltage Is kept constant, there exists 
a critical pulse repetition rate at which unstable 
switching takes place. The critical pulse repetition 
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rate increases with decreasing pulse length as expec- 
ted. In all cases, little or no stabilization effect 
was observed after repeated applications of voltage 
pulses. 



Fig. S. Scope trace of unstable switching pulses. 
Cd-Cl boraclte sandwich electrode sample with elec- 
trode spacing of 0.48ami; voltage (upper trace) of 
5V/div; current (lower trace) of 40 uA/div; time of 
5 ysec/dlv; pulse repetition rate of 2 KPPS; and 
temp of 345' 4 2'C. 



Fig. 6. Scop'’ trace of stable switching pulses. The 
sample is the same as In Fig. 5 with voltage (upper 
trace) of 2V/dlv; current (lower trace) of 40yA/dlv; 
time of 5 ysec/dlv; pulse repetition rate of 10 KPPS; 
and temp of 345' 4 2“C. 


Table I 

V . 's for Constant Duty Operation 


Pulse Width 
(sec) 

Pulse 

Repetition 

(Pulses/sec) 

V , (USSW) 
th 

(V) 

V^j^(SSU) 

(V) 

io-‘ 

1q5 

2 

7 'V 8 

10-5 

io‘ 

1.2 

3 

10-^ 

lo5 

0.2 -v 0.4 

4 

10-5 

105 

0.2 -v 0.3 

4 

10-5 

10 

0.3''- 0.4 

3 


Sample; Cd-Cl boraclte (001) cut, 0.48 mm thick, 
T - 340 4 2'C. 


Throughout the present switching experiments, dc or 
pulse, the aforementioned switching characteristics 
changed little with crystallographic orientation of 
the sample. 

In the present experiment, Au lead wires were 
attached to the sample with Ag-conductlng paste. In 
this case, a Ag-boraclte contact Is presumably formed 


at high temperatures by the diffusion of Ag through 
the Au/Cr film. It was found that the sample did not 
switch when a Au lead wire was thermally bonded onto 
the Au/Cr film. It seems that Ag is Indispensable to 
form a good electric contact to a boraclte crystal. 
However, little Is understood about the electrode 
effect as well as the switching phenomenon in general 
at present. Several mechanisms that had been proposed 
to account for Che ocher switching phenomena have been 
discussed In connection with Che switching in Cd- 
boraclte crystals elsewhere. 

Device Applications 

A number of functional devices can be fabricated by 
making use of the newly found threshold switching in 
Cd-boraclte single crystals. Since the switching takes 
place only at high temperatures 300'C) , such devices 
may be found to be useful In the fields where a high 
ambient temperature or a lack of workable heat sink 
prevents Che use of ordinary solid state devices. Such 
devices include: 

1. Current controlling devices having non-blocking 
Ag electrodes for dc, dc pulse and ac circuits 
(symmetric devices). 

2. Current controlling devices having one blocking 
and one non-blocking electrode (asymmetric devices). 
Such asymmetric electrode devices can be used In a 
logic circuit for dc and dc pulse voltages. 

3. Current rectifiers for low frequency ac. 

Since the operative principle of devices of first 

and second categories are obvious from the foregoing 
discussion, only the current rectifiers will be des- 
cribed in some detail. Figures 7 and 8 show the 
circuits for half-wave and full-wave rectifiers, res- 
pectively. The half-wave rectifier of Fig. 7 consists 
of an ac source, a load resistance R^, a blocking 

capacitance C, , a boraclte crystal element, and a dc 
b 



Fig. 7. Circuit of half-wave boraclte rectifier. 



Fig. 8. Circuit of full-wave boraclte rectifier. 
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control circuit. The boraclte elenent In this case 
can be either a aynmetrlc or asymiietrlc device. The 
dc control circuit consists of a variable dc voltage 
source and a large protective resistance to block 

ac current. When a small ac voltage Is applied 
followed by a dc voltage, a regulated current begins 
to flow at a critical dc voltage. Figure 9 shows a 
score trace of such a regulated current. Because of 



Fig. 9. Scope trace of ac half-wave rectified current 
Cd-Bt boraclte sandwich electrode sample with elec- 
trode spacing - O.lOmrn, • 100 £2, R ■ 100K£2, C • 

10 PF, 8.0V, and temp - 395° + Ac recti- 

fied current (upper trace): O.OSV/dlv. Applied SOHz 
ac voltage (lower trace): 0.5V/dlv. Time: 5msec/dlv. 



the threshold switching characteristics of boraclte 
crystal, the current appears In the form of regularly 
repeated pulses. The direction of current Is reversed 

when the polarity of dc voltage (V ) Is reversed. For 

dc 

stable operation of the half-wave rectifier, an upper 

limit (maximum) exists for both V, and V . For V. , 

dc ac dc 

It Is about ten times the minimum voltage. The maxlnum 

of V is much smaller than that of V , . The bias dc 
ac dc 

voltage, both minimum and maximum, required for the 
rectifying effect to take place Increases with Increas- 
ing current or power In the ac circuit. This observa- 
tion cannot be explained but It seems that the response 
of the Cd boraclte element Is different when ac and dc 
are applied simultaneously as compared to the case of 
dc or ac used alone. 

The full-wave rectifier of Fig. 8 consists of an ac 
source, a load resistance , two blocking capacitances 


Fig. 10. Scope trace of ac full-wave rectified current. 
Cd-Br boraclte coplanar trielectrode sample with 
electrode spacing • 0.20mm; R^»100(l, R -lOOKl); 

V, -15V; and temp - 301° + 2°C. 
bll dc ~ 

Ac rectified current (upper trace): O.lV/dlv. Applied 
50 Hz ac voltage (lower trace): 0.5V/dlv. 

Time: 5 msec/dlv. 


C. , , C._, a boraclte element, and a dc controlling 
01 02 

circuit. The boraclte element In this rectifier has 
three electrodes. In Fig. 8, the two side electrodes 
are positively biased with respect to the middle one. 

The current through R^^ will be 1^^ In the first half cycle 

of ac and 1^ In the next half cycle so that the full- 

wave rectification will be completed. The direction 
of current through R^ reverses when the polarity of 

side and middle electrodes Is reversed. Figure 10 
shows a scope trace of such a rectified current 
obtained by the circuit of Fig. C. As In the case of 
half-wave rectification, the minimum dc bias voltage 
Increased with Increasing ac voltage. 

The above examples are Illustrative of potential 
usefulness. Other circuit applications of the Cd 
boraclte switching devices seem possible. 
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WHATEVER HAPPENED TO SILICON CARBIDE 
R. B. Campbell 

Hestlnghouee Electric Corporation 
P. 0. Box 10S64 
Pltteburgh. PA 15236 


Summary 

Silicon carbide has been used extensively as an 
abrasive, but only In the last twenty-five years has 
Its potential as a semiconductor been exploited. The 
rationale for SIC semiconductor devices Is their high 
temperature performance. Rectifiers, field effect 
transistors, charged particle detectors, and other 
devices operate efficiently at temperatures about 
800°K. 

It Is the purpose of this paper to examine the 
progress made In SIC devices In the 1955-1975 time 
frame and suggest reasons for the present lack of 
Interest In this unique material. i..e data given In 
this paper has been abstracted from previously pub- 
lished work. 

Introduction 

In the last seventy years, considerable use has 
been made of the abrasive characteristics of silicon 
carbide (hereafter SIC); however, only recently were 

(1-4) 

Its potentialities as a semiconductor exploited. 

It Is the purpose of this paper to discuss SIC devices 
In the 1955-1975 time frame. Since SIC device proper- 
ties are Intimately connected with Its material proper- 
ties, crystal growth and fabrication techniques will 
also be discussed. Finally, I will suggest reasons it 
is no longer considered a viable product for exploita- 
tion. 

The work discussed In this paper was performed at 
various industrial and college research laboratories. 
These programs are no longer active, and there are no 
known plans or Interest in their reactivation. 


SIC is Inert to nearly all laboratory reagents, 
and the usual techniques for chemical etching employ 
molten salt or salt mixtures (NaOH, Na20, borax) at 

temperatures above 600**C. Electrolytic etching, suita- 
ble for p-type material and etching with gaseous chlo- 
rine near 1000°C, may also be used. 

The physical hardness and chemical Inertness Im- 
pose great restraints on device fabrication techniques. 
Although SIC technology has progressed along Che same 
lines as that of silicon, many techniques had to be 
developed which were peculiar to SIC and which inevi- 
tably made the fabrication more difficult and expen- 
sive. 

Methods of Preparation 

The oldest and perhaps the best known method of 
SIC crystal growth Is the sublimation method. This 
technique uses the vaporization of a SIC charge at 
about 2500‘^C Into a cooler cavity with subsequent con- 
densation. Initially the charge formed Its own cavity, 
but more uniform crystals are grown when a thin graph- 
ite cylinder Is used In the center of the charge. This 
thin cylinder also reduces the number of nucleaClons so 
that fewer but more perfect crystals are grown. The 
crystals are grown as thin hexagonal platelets, perpen- 
dicular to the growth cavity. Doped crystals, contain- 
ing p-n Junctions, can be prepared by adding proper 
dopants to the ambient during growth. The power r xti- 
flers, to be described later, were prepared by this 
method. 

Other methods of crystal growth are epitaxy, trav- 
eling solvent and solution growth. 


Physical and Chemical Properties 

Silicon carbide exists In the hexagonal (a) and 
cubic (B) phases with the a phase occurring In a vari- 
ety of poly types. The various forms of SIC have the 
largest energy gaps found In common semiconductor 
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2H). 
The bonding of Si and C atoms Is basically covalent 
with about 12Z Ionic bonding. The structures are tem- 
perature stable below ISOO^C and thus form a family of 
semiconductors useful for high temperature electronic 
devices. Table 1 shows the lattice parameters and 
energy gap (C°K) for the common poly types. 


The hexagonal a phase is grown epitaxially from 
1725° to 1775°C with the cubic phase being grown from 
1660°C to 1700°C. In both cases, equal molar percent- 
ages of CCl^ and SlCl^ are used. Polished and etched 


SIC crystals were generally used as substrates although 
Ryan and co-workers at Air Force Cambridge Research 
Laboratory have Investigated the growth of SIC onto 
carbon substrates using the hydrogen reduction of 
methyltrlchlorosllane (CH^SiCl^) (called the vapor- 


llquld-solld growth). At 1500°C, a-SlC whiskers on the 
order of 5 mm long by 1 mm diameter were grown. These 
whiskers were of the relatively rate 2H poly type. 


Table 1. Laiclea Conacaaca and Eaargy Cap of Conaon SIC Folytypaa 


Structura 

Lattice Pj^iuteri 

Znargy Cap (0*K) 

2H 

« • 3.09 , c • 5.048 

3.33 

4H 

a - 3.09 , c * 10.05 

3.26 

6B 

« • 3.0617, c - U.U63 

3.02 

3U 


3.01 

UR 

t • 3.079 , c - 37.78 

2.966 

2U 

a - 3.079 . c • ».88 

2.86 

n 


2.80 - 2.90 

euble-3« 

a - 4.359 

2.39 


SIC crystals have been grown together, and p-n 
Junctions formed by passing a heat zone through two SIC 
crystals separated by a solvent metal (traveling sol- 
vent). Ihe temperature gradient across the thin sol- 
vent zone causes dissolution at both solvent-solid 
Interfaces. However, the equilibrium solubility of SIC 
In the solvent is greater at the hotter Interface, a 
concentration gradient Is established. The solute, 
then, will diffuse across the liquid zone and precipi- 
tate onto the cooler crystal. In this way, two dissimi- 
lar conductivity type SIC crystals can be grown togeth- 
er. 

In the solution growth technique, a small amount 
of SIC Is dissolved In molten al (or In some cases Fe 
or Cr). As the melt is slowly cooled, the SIC becomes 
less soluble; and SIC crystals nucleate and grow In the 
crucible on prepared graphite substrates. The grown 
crystals are normally of the B-phase. Improvements in 
the crucible geometry and cooling rates have led to 
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cubic cryatals up to 4 on acroso and 0.1 m thick. 

Vlth the use of pure starting loatarlalB and extensive 
degassing, quite pure crystals can be grown: and 

2 

electron onbllltles of 500 cm per volt-sac have been 
masured. 

Device Techniques 

The specific device techniques used will vary 
from device to device, and It Is the purpose of this 
section to discuss fabrication methods In a general 
manner. In later sections when the Individual devices 
are described, any special techniques required will be 
discussed. 

The mechanical shaping of a hard crystal such as 
SIC Is generally accomplished by scribing and broking, 
lapping and polishing, ultrasonic cutting and air 
abrasive cutting. Boron carbide and/or diamond are 
used for these purposes since they are the only mate- 
rials sufficiently hard. 

Scribing the crystal with a diamond point and 
breaking It along the scribe line can also be used. 

As will be discussed later, a number of field effect 
transistors were fabricated on a single crystal; and 
these transistors were separated by scribing. Obvi- 
ously this Is best carried out on a scribing machine. 

All of these mechanical shaping operations inevi- 
tably leave surface and bulk damage In the crystal. 

Some studies have indicated chat Che damage may propa- 
gate Into Che crystal by mlcrocracks to a depth of tens 
of microns. For optimum device performance this dam- 
age must be removed, e.g., by chemical etching. 

The etching of SIC using molten salts has been 
described In detail by Faust In 1959. In his paper, 
Faust describes the side of the SIC crystal which 
etches In a rough "wormy" pattern using molten salt on 
the carbon side and the side where the etch Is smooth 
as the silicon side. Ttils data has also been con- 
firmed by Brack in 1965, using X-ray techniques. 

Chang and co-workers studied the diffusion of 
aluminum Into SIC from 1750<’C to 2100°C, using both 
closed tube and open tube flowing gas techniques. 

Since the SIC crystals will decompose at these temper- 
atures, It was neceisury to provide an equilibrium 
pressure of SI and C vapor species around the crystals 
during the diffusion process. Griffiths In 1965 and 
Vodakov et al In 1966 reported further experiments 
using similar techniques. The activation energy for 
the diffusion of aluminum Into SIC found In these 
three studies agreed within 5X ('4.8 eV). 

Further refinements In unpublished work by Canepa 
and Roberts of the Uestlnghouse R6D Center resulting In 
Junction depletion widths up to 25 um were obtained 
using a combination of infinite source and finite 
source diffusion techniques. 

Another technique Is to use gaseous etching, e.g.. 
Cl, at 950°C to 1050°C (Thlbault) or Cl, + 0, at 1000°C 

2 C 4. 

(Smith and Chang). 

Characteristics of SIC Devices 

Figure 1 shows the reverse characteristics of the 
IV properties of a SIC rectifier prepared by the grown 
junction method, operating at one ampere and 30°C and 
500°C. The forward voltages of these devices, even at 
SOO^C, are always larger than 1 volt (half wave 
average). Thus far, rectifiers operating up to 10 A 
have been fabricated, and specially processed low 
current devices have exhibited reverse capability of 


600 PIV. The reverse characteristic of 81C rectifiers 
generally show a "soft" breakover, rather than the 
avalanche breakdown sometimes noted In silicon. This 
Is generally attributed to the carrier generation 
mechanism at the Junction and to local areas brewing 
down at different voltages, so that the total effect is 
one of gradually Increasing reverse current. 



Figure 1 . Representative properties of silicon carbide 
grown Junction rectifiers - reverse charac- 
teristics 


Although very limited life test data have been ob- 
tained for these grown Junction rectifiers, a few de- 
vices have been operated at several amperes for up to 
200 hours at 500''C in air, with no change in electrical 
characteristics. Devices operating at one ampere and 
using approximately the same encapsulation have been 
successfully life tested for 1000 hours at 500°C. 

The operation of a p-n Junction nuclear particle 
or photon detector depends on the collection of elec- 
tron-hole pairs produced by the Ionizing particle or 
photon as it passes through the detector. The elec- 
tron-hole pairs are separated in the Junction region, 
collected, and give rise to a charge or voltage pulse. 

Silicon photovoltaic diodes have been developed for 
the detection of Infrared and visible r llatlon. These 
diodes exhibit a sharp drop In response as the wave- 
length of the incident light approaches the ultraviolet 
region with most detectors showing negligible response 
o 

below 3000 A. This decreasing response is due to the 
Increase in the absorption coefficient with decreasing 
wavelength. A large absorption coefficient Indicates 
nearly all the light will be absorbed at the surface of 
the device, and electron-hole pairs generated may be at 
a great distance from the p-n Junction. Thus, surface 
effects, such as carrier recombination, will decrease 
the response of the detector. 
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SIC, with a band gap naar 3.0 aV, haa an absorp- 
tion coefficient several orders of magnitude less than 

that of 81 at 4000 X, and therefore surface effects 
would not. ht'. so Important. Detectors !iavc been pre- 
pared from SIC, and these devices were foncit to have 
a spectral response which were a maximum lu the ultra- 
violet region and which could be shifted by varying 
the Junction depth. 


are very close to those predicted from the a-partlcle 
response taking Into account the different distribution 
In the Incident energy. The SIC diode, which had a 
peaked o-spectra, also shows a peak fission product 
spectra; In fact, the fission spectra of the diode 
resolves the double peaks. 

<[• ParllcWMc. 

0 0.» 1.0 1.S 


A simple theoretical model was originally derived 
by Chang and Campbell which quantitatively explained 
the dependence of the peak wavelength on the Junction 
depth and the depletion width of the diode. Consid- 
ered In this model were the wavelength and tempecature 
dependences of the absorption coafflciant in SIC be- 
low the band edge. An approximation was made that at 
the peak response wavelength the total number of 
electron-hole pales generated In the depletion layer 
Is a maximum for a given Intensity of transmitted 
radiation at the surface. 

Figure 2 shows the variation of peak response 
wavelength calculated from this isodel. The curves are 
shown for values of the effective depletion width (w) 
from w - 1 micron to w • 10 microns. 
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Figure 2. Peak spectral responsr of silicon carbide 
Junction diode as a function of Junction 
depth (after Campbell and Chang) 
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Figure 3. Comparison of alpha particle and fission 
fragment counting of silicon carbide Junc- 
tion diode (after Canepa et al) 


Tutntl diodes In SIC can be made by forming a 
heavily doied alloyed Junction in either n- or p-type 
regenerate SIC crystals, using a very fast alloying 
cycile similar ip principle to that originally used to 
produce Ge tunnel diodes. Degenerate n-type SIC can 
'jC groom readily with heavy nitrogen doping. The 
p-type degeneracy In SIC cannot be established ujtll 
the uncompensated acceptor level approaches 10^0 - 
21 -3 

10 cm , which has not been achieved. 


An operable SIC tunnel diode was reported by Rutz 
In 1964. Tlie junction was formed by alloying SI In a 
nitrogen-containing atmosphere to very heavily Al- 

20 20 

doped a-SiC crystala (4.5 x 10 - 9 x 10 uncompen- 

.3 

sated acceptors cm ) . The highest peak-to-valley 
current ratio achieved was 1.37 at room temperature, 
but negative resistance was obser/ed at temperatures 
as high as S00°C. The peak voltage Is unusually high, 
approximately 0.9V and 24^*0. Figure 4 shows the IV 
characteristics of a SIC tunnel diode et several tem- 
peratures. 


In addition to these photon detectors, SIC diode 
structures, specially prepared with graded Junctions, 
have been used to detect alpha particles; and with the 
addition of a conversion layer, thermal neutrons have 
been counted. 

The fission products of U-235 Irradiated with 
thermal neutrons are not unique but have a distribu- 
tion with two peaks occurring In the fission product 
mass distribution curve. The total energy liberated 
Is 157 MeV with peaks at 66 and 91 MeV. Figure .3 
shows a comparison of the alpha and fission product 
spectra for a SIC diode. The fission products spectra 


The channel dimensions and other device dimensions 
In a SIC Junction gate field effect transistors are 
quite small due to the low carrier lifetime and cor- 
respondingly short diffusion lengths. Thus, the fab- 
rication of these devices require photolithographic 
techniques. Using a self-masked diffusion process and 
gaseous etching (see Figure 5), Chang et al fabricated 
SIC FET's which exhibited current gain from room tem- 
perature to S00°C. 

A silicon carbide thermistor was described by 
Campbell in 1973. This device takes advantage of the 
exponential decrease In resistance of a SIC Junction 
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Figure 4. IV characteristics of silicon ccrbide tunnel 
diode from -196°C to 400**C (after lutz) 
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Figure 5. Self-masked diffusion technique 


with teq>erature. Since this resistance changes by an 
order of magnitude for every 100*’C te^ierature change t 
a change of a few tenths of a degree is easily de- 
tected. Prototype devices have been operated several 
thousand hours (with frequent cycling) without degrada- 
tion. 

Conclusions 

Thus far I liave given a brief outline of SiC 
semiconductor devices and aiethods for their fabrica- 
tion. The data given show that SiC devices are feasi- 
ble and have properties that should be of interest to 
several high technology fields. The question then 
arises: Why is there so little interest in this mate- 

rial today, and why are there no SiC devices currently 
in use? 

I believe there are three specific reasons for 
this. First, li. the later 1960's there was a decline 
in corporate am: Government sfcn funding due to econom- 
ic conditions. At this tlae, SIC had not carved out 
its niche in the semiconductor device market and thus 
was a prime candidate for any cutback. A second, some- 
what related, cause was the disappearance of the small 
market where SIC devices did have a chance to umitp an 
Impact. These were high technology areas such as near 
sun space missions, supersonic and hypersonic aircraft, 
etc. When these markets disappeared, much of the 
interest in SiC also disappeared. Finally, the fabri- 
>. -ion techniques for SiC devices (including growth 
methods) diJ not improve appreciably in the twenty 
years under question. This lack of progress may have 
been due to misplaced emphacts in device programs, but 
the net result was that the fabrication techniques for 
SiC devices Improved only slightly in this time span. 

Sow, where do ve go from here? . I see no viable 
market for SiC semiconductor devices in the near fu- 
ture. Improved Si devices, better insulation, improved 
circuit design all adtigate against any extensive use 
of SiC devices. This may be viewed as an unfortunate 
circumstance to many of us who were professionally and 
emotionally involved with this interesting material 
for a number of years. 
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-55 TO +200°C 12 BIT ANALOG-TO-DIGITAL CONVERTER 

Lewis R. SmlHi ond Paul R. Prozok 
Burr- Brown Research Corporafion 
Tucson, Arizona 


The 12 bit successive approximation A/D converter offers 
moderately high speed precision doto conversion at o reoson- 
able level of cost ond complexity. The ADCIOHt' extend* 
this capability over a temperature range of -55 to +200°C. 

No missing-code performance Is maintained over the entire 
temperature range. The converter Is completely self-con- 
tained with internal clock otkI +10 volt referertce. Figure 1 
shows a block diogrom of the ADCIOHT. 
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Rgure 1 

The infernal 12 bit 0/A converter Is a monolithic die- 
lectrically isolated chip. The successive approximation 
register (SAR) Is a commercially available CMOS chip. The 
clock and the comparator were designed with a single LMl 19 
dual comparator mode with conventional junction Isoloted 
bipolar technology. The clock also contains an MOS 
capacitor chip and a nlchrome thin film resistor network chip. 
These five chips moke up the basic A/D converter. The 
reference circuit condsts of a dielecfi 'colly Isoloted op omp 
chip, zener diode ond nichromc thin film resistor network,^ 
The ADCIOHT can be used with on external +10V refererrce, 
if desired. 

The SAR could hove been either bipolar TTL or CMOS 
since both technologies exhibit altered but useful charact- 
eristics at temperotures well above 200^C, However, CMOS 
devices offer low power dissipation, so thot the Internal 
temperoture of the hybrid circuit does not rise os much from 
self-heating. Also, CMOS SAR*$ hove better noise margins 
thon TTL devices ot high tsmpfrotures. 

A major problem at high temperature is that caused by 
pn junction leakoge currents. The largest of these cu.Tents 
is the epi to substrate current in junction isolated circuits 
due to the very large size of the isolation pn jurKtIon 
relotive to the device junctions, in CMOS circuit-,, these 
leakages ore returned to the supplies, ond therefore, do rxjt 
degrade prerformance. Therefore, the logic keeps working 
ot temperatures up tc 250PC. Above thot temperature, a 
four layer latch mechanism, inherent to junction isolated 
CMOS, limits the devices performance. 


Since the internal D/A converter is dielectrically 
isolated, there is no epI to substrate leakage component. By 
eliminating this error mechanism, the useful temperature 
I surge of the device Is Increased. Dielectric Isolation Is also 
used In the reference circuit operotiotsal anpllfler for similar 
reasons. 

Although the duol comprrotor Is jurrctlon isolated, the 
epi to substrate leakage currents are second stoge effects and 
furthermore, tend to cancel out. Another potentiol difficulty 
in bipolar circuits is the poor perfbrmorrce of loteral pnp 
transistors ot high temperoture. This particular comparator 
does not contain any lateral transistors, instead, resistors ore 
used for level shifting purposes. 

The nichrome thin film resistor networks are stabilized 
at over 50(PC ond, therefore, are stable^ ot temperatures 
well above 200f’C. The current densities have been reduced 
by a ■ -ctor of three from those densities used in normal 
commercial proctice to prevent electromigrotion ot 
high temperoture.^ 


The absolute value of resistors in the converter is not 
critical, but resistor tracking with time and temperature is 
very important. For fhis reason, criticoi resistors of 
different values are comprised of equal resistance elements. 
Thus, even though the resistors may shift doe to the extreme 
ambient conditions, the linearity, goin ond offset of the 
A/D converter itself should remoin stable. 

The converter is packaged in a conventional 28 pin side- 
brazed ceramic pockoge. Rgure 2 shows the placement of 
the various chips In this package. The eight chips ore 
eotecticolly ottoched to the substrote and ultr-jsonic wlie- 
bonded to o double I oyer thick film substrate. The substrate 
Is then ottoched to the heoder using a high temperoture gold 
tin preform. 
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Figure 2 

A platinum/palladium doped thick film gold system Is 
used to minimize purple plague. Average wirebor^ pull 
strengths of three grams ofter 1000 hours at 250PC hove been 
obtolned. A 1000 hour test ot 250PC exhibited only on 80% 
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tnereow in bond rotlsIaneM. 


Connaetion betw oo n ibo double layer eibdrole and the 
ceramic $ide«farazed padcog* i* niode with gold wire. The 
converter It harmeticdiy tooled udng o gold germanium pre- 
fbnn le attach the ceramic cop. 

To ennire the roliabtllly of the converter, oil portt are 
bumed-in at 200^ and all portt ora 100% tereen e d. Due 
to the limited life of the ooimeetort, the temperature letring 
and burn-fn Rxturet ute printed dreuit boordt that pott 
through the oven doort, thut ollowing board eoiwectton to be 
mode at loom temperat u r e . The tett tod c e h themtelvet ore 
zero Intertion force typet mode of Torlon with benylllum/ 
nickel oontoctt. The boordt ore mode of Noiplex copper clod 
polylmide with nickel plating. A high-temperature wider 
with a 300% melting pdnt it uted for the test boordt. 

Table I thows the important electrical spedRcoHont 
for the AOCIOHT. Rgure 3 shows linearity error vt. con- 
version speed nnd indicates that 12 bit accuracy can be 
attdned at 25pt. The clock iiequency can be adiusted ex- 
ternally. 

TABLE I 


leal Performance 


Resolution 


12 bits 


Accuracy at 2^C 

Gain error: tO.05% (odfustoble to zero) 
Ofi^ error: tO.05% (odiustable to zero) 
Linearity error: i0.005% 

Drift (-55®C < T^< +200®C) 

Gdn: Il5ppm/*C 
Ofhet (unipolar): ±1 ppm^C 
Linearity: tO.5 ppm^C 
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Rgure 4 
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Rgure 3 

Shift in bipolar offset and goin vs. time during oper- 
ation at 200^C ore shown for three devices in Rgures 4 and 
5. Both parameters eon be odfusted to zero initially by the 
use of external trim resistors. Offset in the unipolar mode is 
much lets than the bipolar shift shown in Rgure 4. Differ- 
ential nonlinearity shifts with time during operation at 2O0Pc 


Rgure 5 

ore shown in Rgure 6. Differential nonlinearity is deRned os 
the deviation from the ideal one LSB step size. Overall non- 
linearity is not shown but has similar shift vs. time ehoro c t e r- 
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Rgure 6 




liHct lo thor of diffarmHol nonlliMorlly. Rgure 7 ihowi 
<ffHarwiHol nonltnaorfty VI. tmparalun. All ports ore 
tasted for na mlsslnp oodas over the temperature range. 
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Rgure 7 
Future Direction 


Although the present design was not intended hr use 
above 200%, it is believed that o wceesdve opproidmatton 
analog-«o-di^tal converter could be bidit for 30(fC 
operation with 8 bit peribnnanee. lower power cirouiliy 
will reduce peak function temperatures. The present circuit 
dissiptges most of its power in the digital-to^eialog converter 
chip and in the reference. Both circuits could be rededgned 
to operate at lower supply voltage and hence lower power. 

Although the zener <fiode used in the reference exidbits 
a nonlinear temperat u re ooefRcient above +125%, accept- 
able perfeimance was obtained to +200%. At much higher 
temperatures, a nonlinear zener tem p erature ooefRcient 
compensation method Is likely to be required. 

Very careful ottenHon must be paid to matching of the 
internal D to A converter's eolleclor^Nise leakage currents 
If nonllneer transfer eharocterisHcs are to be avoided at Mgh 
temperatures. Although leakage currents can still cause gain 
and ofto errors, these con be removed using digital tech- 
niques. ' 

The CMOS high temperature latch oqndlHon con be 
eliminated by using dielectric Isolation. rL logic 
circuitry also has potential for use in the SAR, 

Rnolly, a high temperature metal system such os the 
Pf, T| Au metallization reported on by Peck ond ZIerdt ^ 1$ 
required if reasonable MTBF is to be obtained ot SOO^C. 
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PROCESS CHARACTERISTICS AND DESIGN NETHOOS 
FOR A 3000 QUAD OP AMP 

By: J. D. Beason 

R. B. Patterson, III 

Harris Semiconductor 
P. 0. Box 883, Melbourne, Florida 32901 


SUMMARY 


There Is a growing need for electronics which 
operate over the I 250 C to 300”C temperature range In 
such applications as well logging. Jet engine control 
and Industrial process control. This paper presents 
the results of an IC process characterization, circuit 
design and reliability studies whose objective Is the 
development of a quad op amp Intended for use up to 
300”C to serve those requirements. 

PROCESS CHARAaERIZATION 


A dielectrically Isolated complementary vertical 
bipolar process was chosen to fabricate the op amp. 

DI eliminates Isolation leakage and the possibility of 
latch up, two of the major high temperature sources of 
circuit failure which are present In Junction Isolated 
processes. The complementary vertical PNP offers 
superior AC and OC characteristics compared to a 
lateral PNP allowing simpler stabilization methods. 

The Junctions are relatively deep (>3u) to minimize 
sensitivity to Interconnect pitting. Device cross 
sections are shown In Figure 1. 



Figure 1. Device Cross Sections 

Characterization of the NPN and PNP show them 
to be quite suitable for use up to 300°C, however 
certain parameters change drastically over the 
temperature range and require special consideration 
In a high temperature design. Leakage currents In- 
crease to micro amps as shown In Figure 2. An 
Important point Illustrated In the figure Is the fact 
that Ices is several times larger than ICBO. 
Significant, but not shown on the figure. Is the fact 
that the leakage currents for matched devices on the 
same chip typically match to lOt. These character- 
istics are exploited In the circuit design. 

The effect of leakage current on NPN conmon 
emitter characteristics can be seen in the 300“C 
photo of Figure 3. The base current has been offset 
by 4.5 ua to compensate for Icbo bringing the first 
trace to the origin. This Illustrates the base 
current reversal which occurs before 300*C. One can 
also observe the monotonic Increase In hfe with 
temperature In the photos. 

Vbe decreases with the well known -Zmll/'C slope 
to about lOOmv as shown In Figure 4. 


*Work sponsored by Sandia Laboratories, 
Albuquerque, New Mexico 



Figure 2. Leakage Current vs. Temperature 
RELIABILITY 


Reliability Is a particularly Important con- 
sideration In high temperature circuit design because 
HP't failure mechanisms have exponential temperature 
dependence. Perhaps the greatest concern Is that of 
Interconnect reliability. Calculations using Black's 
expression! for electromigration In A1 Interconnect 
predict MTF of greater than 4 years for the maximum 
current density to be used In the op amp. This far 
exceeds the goal of 100 hours operating life. BZS^C 
life tests have been conducted on A1 Interconnect test 
structures at J « 3.3 x 104 A/cm2, on small geonetry 
transistors at 1 ma and VCB ■ 30V and on minimum area 
contacts to P-i’ and N-i- silicon at 4 ma all fabricated 
with the proposed process for more than 500 hours each. 
No failures have been observed. 

Another potential source of failure, parasitic 
MOS formation, Is eliminated by Isolation of each 
device in Its own dielectrically Isolated Island. 

This eliminates the Isolation diffusion which can act 
as drain for a parasitic PMOS In JI circuits. 





300°C 


Figure 3. NPN Comnon Emitter 
Characteristics at 
Three Temperatures 


Figure 4. Temperature Dependence of 
SPECIFICATIONS 

An initial set of target specifications was 
arrived at. They were based on preliminary high 
temperature device measurements and extrapolations 
from available data. The target specifications are 
given in Table 1 . 

CIRCUIT DESIGN 

Conceptually, certain things had to be done 
differently from a similar design for the commercial 
or military temperature ranges. Leakage currents put 
practical limitations on minimum operating bias current 
levels. Diode connected transistors are unworkable 
because of low forward biased junction voltages. Base 
current reverses because of increasing collector to 
base leakages and increasing beta. This las*’ con- 
sideration means that the base voltage node for strings 
of current sources must have current sinking as well as 
sourcing capability at high temperatures. Diffused 
resistors are almost twice their room temperature 
values at 300°C. While this must be borne in mind, 
this high positive temperature coefficient can be used 
to offset changes in the forward biased junction 
voltages. 

The primary bias circuitconsists of a buried zener, 
12 , in Figure 5, biased by a pair of 12K./L. resistors, 
R1 , and R16, going to the positive and negative power 
supplies, which develops a current through the 9K-/V 
resistor, Rll, and diodes, D5 and D6, through the four 
Qll's and the four Q20's (whose bases and emitters are 
parallel but whose collectors go to separate 
amplifiers). A buried zener was chosen because it is 
quieter than a surface zener. The temperature co- 
efficients of the zener, the transistor base-emitters. 








and the diodes approxinately cancel the temperature 
coefficient of the resistor, R11, keeping the current 
delivered to the positive and negative current source 
base nodes approximautly constant over the temperature 
range. 

The Input stage of the amplifier consists of the 
differential PNP pair. Q21 and Q22, along with Q16, Q17 
and R13 (which make up a leakage current compensation 
network) and the current source consisting of Q5 and 
R4. PNP devices were chosen for the Input pair because 
their collector to base leakage Is significantly lower 
than that of the NPN devices. R13 provides most of the 
collector base voltage for Q1( and Q17 whose ICBO's 
cancel those of Q21 and Q22 to within the limits of 
their match. The collectors of Q21 and 022 go to the 
following stage which consists of Q26 and Q27. 

NPN transistors Q26 and Q27 along with R18 and R19 
constitute grounded base stages. They translate the 
signal toward the positive side of the circuit. The 
stage consisting of Q27 and R19 shields the Input 
device, Q22, from the large voltage excursions of the 
high Imp^nce node to which its collecto'' is common. 
The collector of Q26 drives the current mirror stage. 

The current mirror consists of Q2, Q3, Q7, Q8. 

Q12, Q13, 01, 02, 03, 04, Z1 and R3. The primary part 
of the mirror consists of Q7, Q8 and Q13. Q12 is added 
to make the collector to base voltage of Q7 equal to 
that of Q8. This removes a sa»ll offset problem due to 
hrb effects but (more importantly in this case) 

TABLE 1 


TARGET SPECIFICATIONS AND BREADBOARO RESULTS 


Parameter 

Temperature 

Limit 

BB 

Units 

Offset Voltage 

25*C 

3.0 < 

0.2 

mV 


300*C 

6.0< 

-5.3 

mV 

Avg. Offset 
Voltage Drift 

25*C to 300'C 

10 < 

20 

uV/*C 

Input Bias 
Current 

300»C 

5 < 

2.1 

uA 

In,)ut Offset 
Current 

300*C 

1.3< 

3.4 

uA 

Comnnn Node 
Input Range 

25'C to 300'C 

>±10 

±13.9 

V 

Differential 
Input Signal 

25”C to 300*C 

7< 


V 

CoiiTcnn Node 
Rejection Ratio 

300®C 

>60 

71.7 

dB 

Voltage Gain 

300'C 

>70 

71.9 

dB 

Channel 

Separation 

300"C 

>80 


dB 

Gain Handwidth 

300"C 

>3 


MHz 

Output Voltage 
Swing 

25*C to 300”C 

>±10 

13.7 

V 

Slew Rate 

300"C 

>±2 


V/usec 

Output Current 

300'C 

5 < 


mA 

Power Supply 
Rejection Ratio 

300“C 

>60 

71.7 

dB 

Noise 

25*C 

8 < 


nv/ZiTz 


equalizes the collector base leakages of Q7 and Q8. 
Ordinarily, Q8 and Q12 would be connected as trans- 
diodes but, because the forward biased Junction 
voltages are so low at high temperatures, 02 and 03 are 
used to tie the base to the collector of Q8 and Z1 Is 
used to tie the base to the collector of Q12. At low 
temperatures 02 and 03 are forward biased by the base 
drive requirements of Q7 and Q8 as Z1 Is reverse biased 
by the base drive requirements of Q12 and Q13. At high 
temperatures Q2 and Q3 supply ICES to forward bias 02 
and 03 and reverse bias Z1 as well as supply the re- 
versed base current of Q7 and Q8 and of Q12 and Q13. 

01 and 04 provide a voltage drop equal to 02 and 03 to 
make the voltage across Q2 more nearly the same as that 
across Q3. R3 provides most of the voltage for Q3 
(and, therefore, Q2). The collector of Q13 Is common 
with the high Impedance node. 

The next stage consists of a complementary pair of 
emitter followers. Q15 and Q18. biased by current 
sources consisting of Q6 and RS and of Q28 and R20 
respectively. There Is also a leakage current com- 
pensation network associated with each follower con- 
sisting of Q9 and R7 for Q1S and Q24 and R14 for Q18. 
The bases of Q15 and Q18 are coonon to the high 
Impedance node. Difference in ICBO between Q15 and Q18 
at high temperature would be reflected to the amplifier 
input as an offset. 

No special design considerations because of high 
temperature were necessary In the output stage design 
which consists of Q14 and Q19 driven by Q15 and Q1B 
respectively. 

The positive and negative current source base 
nodes remain to be discussed. The positive node is set 
up by Q4 and R2. Emitter follower Q10 supplies the 
base drive requirements of Q4, Q5 and Q6 until the 
base currents reverse at high teiix)erature. Then they 
are supplied by Ql's ICES whose excess Is then supplied 
by the emitter follower. This excess flowing through 
R6 and QIO provides some collector to base voltage for 
Q4. ICES seems to be a minimum of three times ICBO at 
300'’C so Q1 is made a double sized device because three 
sources of ICBO (one of them, Q5, Is double sized) have 
to be supplied by it along with excess for the emitter 
follower. The same considerations apply to the 
negative node which is set up by Q25 and R17. Q23 
serves as the emitter follower, Q29 the source of ICES 
and Q25, Q26, Q27 and Q28 receive their base drive from 
the node. 

BREADBOARD 

In order to test the validity of the design it was 
breadboarded using four subcircuit chips made from an 
existing circuit by custom interconnect patterns. A 
schematic of the breadboard is shown in Figure 6. The 
package pins are designated as follows. The first 
number designates the type of package then there is a 
dash and the second number designates the pin on that 
package type. Package type 1 contained the primary 
bias circuitry. Package type 2 contained the negative 
bias circuitry. Package type 3 contained the input 
stage and positive bias circuitry. Package type 4 
contained the current mirror and output circuitry. 

Several breadboards made up of packaged sub- 
circuits were socket mounted inside an oven door, 
externally connected as in Figure 6 and tested over 
temperature. Results are shown in Table 1. 
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predict 3.5 MHz gain bandwidth, 2.6V/us slmjrate at 
300'’C. Simulated noise at 2S'’C Is 8.7 nv/<{Hz. 

CONCLUSION 

A dielectrically Isolated complementary vertical 
bipolar process has been characterized for use at 300°C 
and been shown to be useful and reliable for linear 
design at that temperature. Circuit design methods for 
a 300*C op amp have been developed and demonstrated on 
IC test chips and an entire op amp design has been 
proposed. 


REFERENCE 


1. “Electromigration - A Brief Survey and Some 
Recent Results", J. R. Black. IEEE Trans. 

E. D., vol. ED-16, Mo. 4, Apr. '69 pp 338-347. 


Figure 5. Circuit Schematic 



Figure 6. Breadboard Schematic 
COMPUTER SIMULATIONS 


The computer simulations were done using a Harris 
version of SPICE called SLICE. Problems arose with 
the models at SOO'C. 

Saturation current for the reverse biased diode 
is modeled as having a linear voltage dependence 
matching the true value at Vp = 0 to solve an under- 
flow problem in the computer. At 300“C Is is so high 
that this approximation has the effect of placing a 
shunt resistor of less than 10K./L across each reverse 
biased junction. The problem was circumvented by 
using a smaller value for saturation current which 
results in the model giving higher VgE than true value 
but otherwise accurately representing the device. 

Leakage current was modeled by placing a current source 
shunted by a resistor (to simulate voltage dependence) 
across each reverse biased Junction. 

The simulations were used to set the values for 
the compensation networks Cl - R8 and C2 - R9. They 
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HYBRID A/D CONVERTER FOR 200**C OPERATION 
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ABSTRACT 

This paper describes the design and development of a high performance hybrid 12 bit analog to digital converter, 
which will operate reliably at 200**C. A product of this type was found to be necassary In areas such as 
geothermal probing, oil~well logging. Jet engine and nuclear reactor monitoring, and other applications where 
the environments may reach temperatures of up to 200**C. This product represents an advancement In electronics 
as It proved the operation of Integrated circuits at high temperature, as well as providing Information about 
both the electrical and mechanical reliability of hybrid circuits at 200'^C. Because the circuit design of the 
A/D converter Involved both digital and linear circuitry, this produced an opportunity to evaluate the 
performance of both technologies at 200**C. Initial mechanical failure modes led to researching more reliable 
methods of wire bonding and die attachment. The result of this work was a 12 bit A/D converter which will 
operate at 200<’C with .OJ^J Inearl ty, 12 accuracy, 3S0 uSec conversion time, and only 4S5mU power consumption. 
This product also necessitated the development of a unique three metal system In which aluminum wire bonding is 
done utilizing aluminum T>ond I ng; pads, gold wire bonding to all gold areas, and employment of a nickel interface 
between gold and aluminum connections. This sytem totally eliminates the formation of Intermetal I Ics at the 


bonding interface which can lead to bond failure. 

INTRODUCTION 

Recently the electronics industry has been made aware 
of the need for electronic components and systems which 
will operate at temperatures as high as 200**C. These 
applications Include geothermal probing, oil well 
logging, jet engine and nuclear reactor monitoring and 
other hostile environments where the temperature may 
reach 200^C or higher. In some of these applications, 
as In oil well logging and geothermal probing, it Is 
necessary to transmit data through long lengths of 
cable which run from deep into the earth to the sur- 
face.^ These applications are where a high tempera* 
ture A to D converter becomes highly desirable. Trans- 
mitting low level analog data over a long distance 
such as this would be very difficult without Intro- 
ducing significant extraneous errors. Through the 
use of an A to 0 converter It becomes possible to take 
outputs from strain gauges and thermocouples, convert 
them to "ones" and "zeros" and then transmit this data 
digitally to the surface. 

ADVANTAGES OF HYBRIDS 

An A to D converter can be fabricated in many differ- 
ent forms such as a module, printed circuit board, or 
hybrid circuit. Hybrid reiiabillty at I25°C has been 
proven to be excellent through many thousands of hours 
of qualification tests. This reputation makes hybrid 
technology a wise choice for 200°C operation. A 
hybrid circuit can contain several different I.C.s in 
one small package, which is advantageous in applica- 
tions where space Is limited. 

A TO D CIRCUIT DESIGN 

An A to D converter proved to be a challenging 
product to design and evaluate at 200^C due to the 
fact that little information concerning the different 
types of components and their properties at high 
temperature was available. Passive components, such 
as resistors and capacitors and active components 
including transistors and Integrated circuits required 
extensive analysis and evaluation. The final A/0 
design employs both linear and digital circuitry, 

in the design of the MN5700, reliability was consid- 
ered of prime importance. Two factors that signifi- 
cantly effect the reliability of any circuit are 
power and level of complexity. Research In high 


temperature electronics has shown that the rate of 
aging, those factors that produce changes In para- 
meter of key components, will approximately double 
with each 10<>C temperature rise.^ 

For a hybrid circuit the substrate temperature will 
Increase as the power consumption Increases. As a 
design goal the typical substrate to ambient temper- 
ature rise was not to exceed I0°C. The 32 pin double 
PIP Package, selected primarily for its form factor, . 
has a typical substrate to ambient rise of 27^C/Watt.^ 
Thus to keep this rise under 10®C, the typical 
power consumption was limited to 31 1 milliwatts. To 
reduce the complexity, as few I.C.s were used as 
possible. 

There are several different approaches to A to D 
conversion which are currently used. The HN5700 uses 
the successive approximation method. This allows a 
converter to be made using few components and has 
good characteristics in speed, resolution, and 
accuracy. A successive approximation A to D converter 
consists of four sections, 0 to A converter, reference, 
comparator, and successive approximation register 
( SAR). See Figure 1. Each of these sections will 
be discussed showing the design considerations for 
200®C operation. 

D to A Converter 

The D to A section of the MN5700 utilizes a voltage 
switching R-2R ladder network. The switch is CMOS 
and connects each leg of the ladder either to ground 
or a reference voltage. See Figure 2. A CMOS switch 
was chosen because of Its low power consumption and 
evaluations showed It to be reliable at 200°C. 

Reference 

The reference circuit shown In Figure 3 consists of 
a temperature compensated zener diode and a dielec- 
trically Isolated op-amp. The zener was found to be 
accurate to about 10ppm/®C from 25 C to 125 C. From 
I25®C to 200°C the temperature coefficient Increased 
to 40ppm/®C. Figure 4 shows a graph of zener 
voltage vs. temperature. 
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FIGURE 3 

Research and evaluation showed that a dielectrically 
isolated up-amp was the best choice for 200*’C opera- 
tion. Host silicon bipolar I.C.s use Junction 
isolation between transistors. These types of 
circuits show transistor interaction at 200^C.3 I.C.s 
which are manufactured using dielectric Isolation have 
the active areas separated by an Insulating layer of 
material. This reduces transistor Interaction and 
also reduces leakage current, to the substrate under 
high temperature conditions. 



The change In the reference voltage at 200^C was 
found to be typically .2%. The circuit was evaluated 
to see why the change in reference voltage was less 
than the change In 2 ener voltage. Evaluation showed 
that the offset of the op-amp had Its largest change 
between I50<>C and 200**C, as shown In Figure 5 This 
change was In the opposite direction to the~Jrlft of 
the zener, and therefore the accuracy of the reference 
became the difference of the two. 



The central component of the 0 to A circuit is a 
resistor network. The network used is a thin film chip 
using nickei-chroinlum resistors deposited on silicon. 
The change in resistance over temperature wll’ deter- 
mine the accuracy and linearity of the device. An 
absolute change In resistance results In an accuracy 
change and a change in resistor ratios will result in 
a linearity change. The graph in Figure 6 shows 
typical changes In resistance from 2S*’C to 200**C. 

Figure 7 shows changes in resistor ratios. In order 
to meet design requirements of tl/2 LSB to the 10 bit 
level, the resistor ratios must track to better than 
+.05% from 250C to 200°C. 
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The thin film resistor chip also has the advantage of 
being actively laser trimmed. This results In an A to 
0 which will meet all specifications without any exter- 




n«1 adjustnents. Any external components added 
would be another source of error when raised to 200^C» 




Comparator 

In most hybrid A to D converters, the comparator Is a 
single I.C. chip. These are usually bipolar devices. 
Tests done on most available bipolar I.C.s Indicated 
they were not the most reliable choice for 200*^0 
operation. This Is due to the problems of Junction 
isolation previously stated. Because of this, a 
comparator was designed using a dielectrically Isolated 
op amp and discrete transistors which operated re- 
liably at 200*^0. 


then put on a 2C0°C burn- In with frequent monitoring to 
observe chenges or shifts that occured. After approx- 
imately 2$ hours, large shifts were seen In linearity 
and accuracy. The cause of a shift such as this Indi- 
cated a change In resistors or a change In the output 
resistance of the switches. The parts were burned-ln 
longer and catastrophic failures were seen. Visual 
Inspection showed that gold ball bonds ware lifting 
off of the aluminum pads on the I.C. chips. 

BONDING FAILURES 

The bonding failures which occured at the aluminum/ 
gold Interface arose from the formation of an Inter- 
metallic compound at that point. As the time at high 
temperature Increases, these compounds do not exhibit 
sufficient mechanical strength to Insure bond Integrity. 
As a result, the bonds have a tendency to break and 
cause an open circuit. 

DEVELOPMCNT OF METAIIZATION SYSTEM 

It was concluded that the mcst reliable hybrid could 
be fabricated If all wire bonding was done to similar 
metals. This was a problem because available I.C. 
chips use aluminum bonding pads, while the substrate, 
resistor chips, and posts have gold bonding areas. 

To accommodate this Lending scheme, a substrate was 
needed with both gold and aluminum bonding areas. 

Three Hetal-Hetal izatlon Process 

In order to construct the type of substrate described, 

It was necessary to use three metals - gold, aluminum, 
and nickel. The gold Is used for conductor runs and 
bonding areas, and the aluminum Is used only for bond- 
ing areas, at the I.C. chips. The aluminum bonding 
pads sit on top of gold pads, but have a layer of 
nickel In between the gold and aluminum layers to act 
as a diffusion barrier, which eliminates the formation 
of Intermetal I Ic compounds. 

Figure 8 depicts the major process steps. Starting with 
a wholly metalllzeo AJg O3 ceramic plate (Fig. 8a) a 
gold conductor pattern Is defined using standard photo 
lithographic and etching techniques (Fig. 8b). Next 
a nickel layer and an aluminum layer are vacuum depos- 
ited (Fig. 8c). Finally, the aluminum pads are formed 
by selective removal of unwanted film (Fig. 8d) . 

o 

«— 25.kKA Au 
' . B- 2S0 % NICr 


Substrate 


Successive Approximation Register 

The SAR used in this design Is a CNOS I.C. This was 
chosen because of the good characteristics of CMOS at 
high temperatures and the low power consumption. CMOS 
I.C.s have been constructed which were functloral at 
JOO^C for over 1000 hours.” While leakage current on 
CNOS devices operating at 200°C may be large when 
compared to +2S®C operation, their voltage thresholds 
do not change appreciably. Thus devices operated from 
tow Impedance sources work very reliably at 200*^0. 

ELECTRICAL TEST RESULTS 

The first prototype units were evaluated for confor- 
mance to the 200°C specifications. Test results show- 
ed that these performed as expected. These units were 
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The process steps, thicknesses, end materiel selection 
have been chosen on the basis of compatibility with 
present fabrication techniques, as well as performance 
criteria. 

Au/NI/AI Substrate Evaluation 

For evaluation purposes, a substrate was made which 
had a pattern allowing gold and aluminum wire bonding 
to be done between pins of a hybrid package. Connec- 
tions were made which consisted of 26 bonds (13 wires) 
between pins of the package. The bonds consisted of 
aluminum wire on gold pads, aluminum wire on aluminum 
pads, gold wire on aluminum pads, and gold wire on 
gold pads. The aluminum pads ware deposited on gold 
using a nickel barrier as described In the previous 
section. The resistance was measured between the pins 
of the package at various Intervals of 200^C bake. 

This measurement Included the bond resistances along 
with the resistance through the alumlnum/nlckel/go!d 
Interface. Figure 9 shows a graph of change In 
resistance versus time at 200**C for the four different 
bond Interfaces. It can be seen that the best 
results are obtained when bonding Is done between 
siml lar metals. 
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CONCLUSIONS 

Tests have shown that units will operate reliably and 
remain within 200*^0 specifications In excess of 
500 hours. Beyond 500 hours, some units will exhibit 
a slow shift In linearity and accuracy. This appears 
to be caused by resistor aging and changes In the 
characteristics of the CMOS switches In the 0/A section. 
Life teste have shown that most units remain within 
specification In excess of 1000 hours. Tests have 
also shown that most catastrophic failures and units 
with large shifts will show up In the first 26 hours 
of operation at 200°C. To help assure reliability, all 
units are tested, burned-ln for 21 * hours at 200®C, and 
retested. 

All 200®C specifications are also guaranteed at -55®C. 
The HN57O0 Is available with high reliability screening 
according to MIL-STD*B83 for HI 1 1 tary/Aerospace 
AppI Icatlons. 
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WIRELESS, IN-VESSEL NEUTRON MONITOR FOR 
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Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 


Abstract 

An experimental wireless, In-vessel neutron moni- 
tor Is being developed to measure the reactivity of an 
advanced breeder reactor as the core is loaded for the 
first time to preclude an accidental criticality Inci- 
dent, The environment Is liquid sodium at a temp.ra- 
ture of <n, 220*C, with negligible gama or neutron 
radiation. With ultrasonic transmission of neutron 
data, no fundamental limitation has been observed after 
tests at 230*C for >2000 h. The neutron sensitivity 
was 'x.l count/s-nv, and the potential data transmission 
rate was 'VilO^ counts/s. 


I. Introduction 

An experimental in-vessel monitor was designed and 
fabricated and is being further developed to ultrason- 
Ically transmit reactivity data from advanced breeder 
reactors. Since such reactors have potentially high 
reactivity cores, their Initial fuel-loading operation 
will require careful surveillance as the core is loaded 
to preclude an accidental criticality Incident. 

An In-vessel neutron detector is preferred to an 
ex-vessel detector because it is closer to the fuel 
elements and is not shielded by blanket assemblies. 
Thus, data from an in-vessel detector are received at a 
greater rate (up to 10^ counts/s for this model) and 
are more easily interpreted. Also, with an in-vessel 
detector, the neutron source required to make the sub- 
critlcallty measurements can be reduced in size and 
possibly eliminated. 

A wireless, coiq>letely remote in-vessel detector 
can be located at any core position, giving much 
greater versatility to the measurements. In addition, 
the wireless detector does not need e;:pensive instru- 
ment thimbles and does not inhibit the motion of fuel 
handling equipment. 

The in-vessel environment for this initial start- 
up monitor is liquid sodltrai at a temperature of about 
220*C. No existing neutron monitor has the wireless 
capability and adequate sensitivity for this applica- 
tion. The experimental model described herein has been 
successfully tested at 230°C for >2000 h. 


II. Wireless Neutron Monitor Concept 

The current concept of the wireless neutron moni- 
tor system is shown in Fig. 1. In the sodium-filled 
reuctor vessel ('v6 m diam x 18 m high), the neutron 
monitor is positioned in the reactor core region within 
a dummy fuel element. The ultrasonic transmitter is 
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Fig. 1. Concept of a wireless, initial core- 
loading neutron monitor for an advanced breeder reactor. 


mounted at the top end of the duamy element where it 
can transmit signals along an unobstructed path through 
the sodium to a receiver which is also Immersed in the 
sodium. 


III. Instrumentation 

A dlagran rhe instrumentation is shown in 
Fig. 2. A flsb' .on Counter senses the neutrons, and the 
resulting electrical pulses are processed by a pulse 
amplifier and a bandpass filter with single-pole upper 
and lower cut-off frequencies (RC-CR filter). Elec- 
tronic noise and alpha pile-up noise are rejected by a 
discriminator. The discriminator output pulses trigger 
a driver circuit which excites a 2 MHz ceramic crystal 
to create an ultrasonic hurst for each neutron pulse 
exceeding the discriminator threshold level. The 
primary electrical power, which will be derived from a 
radioisotopic thermoelectric generator, is transformed 
by a dc-dc converter to positive and negative 10 V 
levels to bias the fission counter and to drive the 
active circuitry. 

The total quiescent power of the instruztentation 
at a temperature of 230°C is “vO.Sb W with a dc-dc con- 
verter efficiency of 'v.36%. Tlie ultrasonic driver is 
expected to require 'vO.75 W at an output pulse rate of 
10^ counts/s. The primary source requirement is 8.0 V 
at 'bl.b W. 


A. Fission Counter 

A commercial fission counter (Reuter-Stokes model 
RSN-lOA) with a 4-mm electrode spacing, 1000-cm^ of 
sensitive area, and a 300°C ma"lmum operating tempera- 
ture was selected for our use. These features were 
required for our special application, and the availabil- 
ity of the counter eliminated a costly in-house fabri- 
cation program. However, some special alterations* 
were needed to ensure adequate performance (voltage 
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Fig. 2. Block diagraa of the instmaentation. 


saturation, collection tlae, and ratio of fission pulse 
asplitude to alpha pile-up) at a limited counter bias 
of 10 V. These alterations included an electrode coat- 
ing of highly enriched (99. 6Z) and a gas-filling 
of Ar-O.OlZ OO 2 at ‘vlO^ Pa of absolute pressure. 


3 . .\aplifier-Fllter-Discrialnator (AFP) 


This nodule^ processes signals from a fission 
counter with an electron collection tlae near 1.0 us. 
The input amplifier is voltage sensitive. To achieve 
.input bias stabilir ■ at te^erature. the input resistor 
is 20 kS narimnn. This resistor value, coupled with 
the 130 pF count<*>' capacitance, deteiaines the input 
integration tine is ant and a significant fraction 
of the inpu*" noise ot the pulse aiqilifier. 

TOo 'r gcln stages, each with a voltage gain of 
*vl6 per sL-„e, produce output pulses in the range of 1- 
1-3 V amplitude. A bandwidth of 5 MHz per stage is 
nor: than adequate to amplify the voltage pulse devel- 
oped at the input. 

Capacitive caupling between stages eliminates dc 
instability problens. One coupling time-constant 
determines the high-pass frequency of the filter; the 
low-pass response is controlled by integration in the 
output stage. 

A monostable multivibrator-d..scriainator generates 
a logic pulse of 5.6 V amplitud-^ and 5 us width for 
each amplifier pulse that exceeds its threshold. 

Except for two diodes and a 1-HQ, thin-film 
resistor chip in the discriminator the entire circuit 
is fabricated around four, dielectrically isolated, IC, 
differential operational amplifiers, Harris type 
HA2625. One of these amplifiers with appropiiate 
positive feedback constitutes the monostable multivi- 
brator-discriminator combination. 


C. Cltrasonic Transmitter 


From an analysis of the system,^ a 2-lBz carrier 
frequen.y with pulsed modulation was Judged to be most 
power efficient for the ultrasonic, data transmiislon 
pricess- Hitn an assumption that the receiver band- 
width must be 200 kHz to obtain the maximum data rate, 
■^240 uU/m^ of received signal power is required to 
yield a slgnal-to-noise power ratio of >100. This 
assumes an acotistic aoise paver density of 4-10 dB 
referenced to 10"^ W/u^-Hz. To create a transmitted 
bean having a cylindrical wavefront with this intensity 
ar m, nearly 7b idf of pulse power is required to 
allow for losses in ^he transmitter drive circuit, the 
crystal transducec^i^uul the liquid-sodium signal trans- 
mission path. 



The transducer will contain a PZT-SA ceramic 
crystal similar to that used by the Hanford Engineering 
Development Laboratory (BEDL)** in their under-sodium 
viewing systems. It is attached to the transducer 
face-plate with either a Pb-Sn-Ag solder alloy or a 
high temperature epoxy. Both have been successfully 
tested. 

The transducer is driven by two VMOS transistors 
in parallel, with the power being obtained directly 
from the primary power source. A 2.5-pF Teflon cepaci- 
tor is currently used as an energy storage element to 
reduce the ripple on the primary power source. 

The crystal iapedanre is integrated into a reso- 
nant tank in the drain circuits of the VMDS transistors. 
A step-tq> transformer wound on a high-temperature 
ferrite toroid reduces the amplitude of the voltage 
pulses on the drain circuitry. 


D. DC-DC Converter 


The dc-dc converter^ is an astable multivibrator 
that drives an n-channel VWS switch (two in parallel) 
in a dual-coil switching regulator. A dielectrically 
isolated, IC, differential operational amplifier in 
conjunction with a 6.9 V zener diode (an emitter-to- 
base Junction of a Dionics 013424 dielectrically iso- 
lated transistiur) senses the positive 10 V output 
variations and adjusts the off-tine of the VMOS (on- 
tine is fixed). Integration in the operational aq>ll- 
fier determines the doadnant pole of the forward loop. 
The astable circuits coq>rlse dual, dielectrically 
isolated, pnp and npn transistors, Intersil IT137 and 
IT127, respectively. 

The coil is a high-permeability, silicon— steel 
toroid with a Curie te^terature of 730°C and is wound 
with 30 gauge. Teflon-insulated copper wire. The 
switching frequency is ->60 kHz, and 10-yF electrolytic 
capacitors reduce the ripple to an acceptable value 
for a total load of '>12.5 mA for each positive and 
negative 10 V output. 

The internal, drain-substrate, p-n Junction diode 
of n-channel VHOS transisuors are used as rectifiers. 
At 230*C, the forward drop is 0.3 V, with a leakage 
current of <100 pA, and a reverse -zoltage of 60 V. 


E. Primary Power Source 

Because of its ruggedness and proved performance 
in numerous space problems, a radioisotopic generator 
is being considered for the primary power source. 
Plutonium as ^^^Pu 203 is the neat generator, and 
silicon-germanium forms the thezmoconnie Junctions. 

The liquid sodium serves as the "cold leg" of the 
generator system. For an electricil power output 
requirement of '>1.6 U, a heat source of ‘>125 Vl(|j is 
considered adequate. Contracts are being prepared for 
the procurenent of this source. 


IV. Hybrid Thick-Film Circuits 
Fabrl'zaticn Details 

The AFD circuit and the dc-dc converter are fabri- 
cated %flth thick-film technology on 51- by 51-n (2- by 
2-ln.) and 32- by 32-mm (1.25- by 1.25-ln.), 96Z 
alusdna substrates, respectively. Figures 3 and 4 are 
photographs of these two thlck-rilm circuits. The AFD 
circuit (Fig. 3} was operated at temperatures near 
230*C for nearly 2800 h. The metallization is gold 
(Du Pont 9910) . The thick-film resistors are screened 
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Fig. 3. Photograph of the ampllfier-f ilter- 
dlscrinlnator hybrid thick-film circuit (after 2800 h 
at •\.230*C). 



Fig. 4. Photograph of the dc-dc converter hybrid 
thick-film circuit. 


from the Du Pont 1600 Biror series. All semiconductor 
chips are attached with a silver-filled epoxy (Ablestik 
71-1) for electrical attachment to the substrate or 
with an insulating epoxy (Ablestick 71-2) for Isolation. 
Electrical connection- between chip and substrate metal- 
lizations are made with 2b-'.im-diam (1.0 mil) aluminum 
-0.52 magnesium wire by ultrasonic bonding. All bonds 
to the gold metallization are mechanically reinforced 
with an epoxy, either Ablestik 71-1 or Epo-tek H-l’. 
Ceramic covers and a p'otective semiconductor coating 
C'ow- Corning R6100) are both used to protect areas of 
tne circuit containing the active elements. 


The capacitors contained in these two circuits are 
monolithic, ceramic capacitor chips with 50- to 100-V 
ratings. The bypass and decoupling capacitors were 
formed from a high-dielectric-constant material (X7R) , 
but filter and compensation capacitors were formed from 
a more stable, low-dielectric material (NPO) . A gold- 
germanium alloy solder (360*C mp) was used to make 
electrical connections to the capacitor chips and to 
the external wires of the substrate using a reflow 
technique. Later, a parallel-gap welder was obtained 
to make the external connections with a 25- by 500-pm 
(0.001- by 0.020- in.) nickel ribbon. 


V. Description of the Experimental Monitor 

The experimental monitor is shown in Fig. 5. Its 
construction does not represent the construction that 
would be used in the prototypical monitor. Instead, it 
was designed to facilitate data taking and to accommo- 
date modifications and improvements as they became 
apparent during the testing program. From left to 
right in the figure is the fission counter wrapped in 
an electrically insulating Teflon Jacket to protect the 
shell of the counter, which is maintained at a negative 
10 V biasing porentlai, followed by the AFD module, the 
dc-dc converter, avl the transformer for the ultrasonic 
transmitter, nt the extreme right is an oil-filled 
test chamber with a transmitter and receiver crystal at 
opposite ends. The entire system is mounted on a high- 
temperature, Tinted circuit board (Du Pont Pyralin) 
with a small number of discrete resistors (Caddock) and 
ceramic capacitors (San Fernando Electric). The resis- 
tors, capacitors, and the hybrid thick-film modules 
were attached with 902 lead-102 tin solder. A test 
pulse, dc and pulse monitor points, oil drain and fill 
tubes, and thermocouples are all brought out of a 
flanged end of the assembly. The entire assembly, "ul.O 
m (40 in.) long, is Installed in a cylindrical enclo- 
sure, giving a pressure tight containment for an inert 
cover gas. 


VI . Test Results and Discussion 

The results of the temperature tests of the exper- 
imental mcnltor are summarized in Table 1. The per- 
formance of the solid-aluminum electrolytic capacitors 
was poor, a result not expected based on previous work 
in high temperature electronics®’^ and on preliminary 
tests, ’’reliminary tests were made in air up to 275°C 
for hundreds of hours, showing only a slight degrada- 
tion of performance. The cause of the capacitor fail- 
ures is believed to be outgassing from oil that leaked 
out of the ultrasonic test chamber. The oil initially 
used in the tests possessed inadequate high-temperature 
properties. Also, the high porosity of Che printed 
circuit board material prevented an adequate clean up 
of the test assembly. 

Two failures of aluminum wire bonds at Che gold 
raecallizacion of the dc-dc converter were the first 
experienced after nearly 300 successful bonds on other 
hybrid circuits. Thi' *■ '■jre rate is not considered 
excessive at this time, and no changes in our bonding 
procedures are planned. 

Integral bias responses obtained for two measure- 
ments at 'v,230°C and covering a time span of nearly 1600 
h show only slight differences. Projection of the 1.0 
count/s noise curve threshold to the neutron curve 
^hows an 0-752 counting efficiency for the monitor. 
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Fig. 5. Photograph of the expeilaental wireless, initial core-loading neutron aonitor (externally powered). 


Table 1. Sunoary of performance of 
neutron monitor components 


Component 

Hours at 230*C 

Performance 

Fission counter 

2400 

More than 
adequate 

AFD nodule 

2800 

3 

Adequate 

DC-DC converter 

384^ 

Q 

Adequate 

Ultrasonic 

transmitter 

2200 

More than^ 
adequate" 

Solid-aluminum 

electrolytics 

176^ 

Not 

adequate 

Printed circuit 
board, with dis- 
crete resistors 
and ceramic 
capacitors 

2800 

More than 
adequate 


‘^Some drift in pulse gain (or amplitude of test 
signal) not seen in prior 210O-h teats at 250'’C. 


^Maximum time to failure. 

Failures caused by two faulty wire bonds at 
substrate itetallization. 

‘^Does nut include a gated oscillator. 
Capacitor failure from outgassing effects. 


VII. Problem Areas 

The failure of the solid-aluminum electrolytics 
must be resolved. Although the pro :otypical neutron 
monitor will not contain an oil sou'~ce, the apparent 
sensitivity of these capacitors to outgassing must be 
determined. 

Presently, we are working on a design for a 
gated, 2-HHz oscillator that will provide the input 
drive signal for the transmitter. Tests are still to 
be made on the cylindrical ultrasonic beam generator. 
The concept for this ultrasonic beam generator is shown 
in Fig. 6. 


Vllt. Conclusions 

Temperature tests on an experimental assembly of 
an initial-core-loading neutron monitor show no unre - 
solvable problems. Failure of solid-aluminum electro- 
lytics because of off-gassing indicates a need for a 
vapor-free environment for these devices. Bond failure 
on the dc-dc converter substantiates the need for 
pretesting of all hybrid thick-Fllm modules. 



Fig. 6. Conceptual sketch of the cylindrical 
ultrasonic beam generator. 
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Abstract 

The nuclear and space industries require 
electronics with higher tolerance to radiation 
than that currently available. The recently 
developed 300*C electronics technology based 
on JFET thick film hybrids was tested up to 
10* rad gassna (Si) and 10** neutrons/cm* . 
Circuits and individual coo^nents from this 
technology all survived this total dose 
although some devices required 1 hour of 
annealing at 200 or 300*C to regain function- 
ality. This technology used with real tine 
annealina should function to levels greater 
than 10'* rad gamma and 10** n/cm*. 

Introduction 


The need for high temperature electronics 
in Biany fields has been asq>ly defined in' the 
past. ' Recent events suggest an urgently 
needed technology extension: tmnperature and 

radiation hardened microelectronics. The 
salient applications are nuclear reactor 
Instrumentation and space probes. In particu- 
lar, instrumentation within the containment 
structure of a nuclear power plant must be 
capable of withstanding a peak of 200*C and a 
total of 2 X 10* rad gaimiia dose during a 
40-year plant lifetime followed by a loss cf 
coolant accident. Additional temperature 
and radiation resistance is needed for monitors 
placed within the reactor vessel over the 
lifetime of the power plant: 325*C with 

5 X 10* rad gamma and lo'*n/cm* near the vessel 
top and 350 *C with 10 '* rad gaxsna and 10'*n/cm* 
closer to the fuel assembly. Intense radia- 
tion belts near Jupiter and the Sun demand 
enhanced radiation tolerant electronics in 
certain extended space missions. Although 
critically dependent on orbit parameters, a 
dose of 10^ rad over one year may be absorbed 
by a Jupiter satellite. Radiation levels 
elsewhere within the solar system and inter- 
stellar space are expected to be relatively 
low; however, the accumulated dose for long 
missions can easily exceed existing electronic 
tolerances . 

Typical tolerances for present electronics 
are 2 x 10* rad gamma and 10'*n/cm* for 
coouercial hybrids and ICs, emd 10* rad gamma 
and 10'*n/cm* for specially fabricated or 
selected rad hard devices (Harris, for 
exanq>le) . The numbers in Table I are sosiewhat 
arbitrary since different degrees of device 
parasieter degradation cU'e possible in 
different circuits. 

Most radiation tests on electronics to 
dete have been motivated by nuclear weapon 
applications. These tests therefore predomin- 
emtly involve pulses of fast neutrons and X- 
rays, with a gamma dose that is only incidental 
to the neutron presence and usually less than 
10* rad. Therefore, tests involving large 


gamma dose alone have not been comoa. Also 
because of the weapon orientation of most 
radiation-electronics tests, the interaction 
of operational temperature and sustained 
irradiation was not investigate). The recent 
development of circuitry operational to 300* C 
opens the possibility of real time annealing 
at high radiation levels. 


Table I 



Ganna 
(rad Si) 

Neutrons 

(cm~*) 

Tesu>. 

(*C) 

Consumer 

2x10* 

10‘* 

85*C 

Military 

Heurdest 

10* 

10'* 

125*C 

Thick Film/ 
JFET 

>10* 

>10*® 

>300*C 


The components and hybrid circuits chcsen 
for this initial investigation were from 
Sandia’s high tenq>erature circuitry develop- 
ment. There are two basic ideas behind this 
choice: first, to maximize the rate of 

annealing the operational t^nperature must be 
as high as possible, and secondly, several 
main failure modes are initiated both by 
elevated temperature and radiation (ion mobil- 
ization, lattice and chemical reactions). 

He will discuss both gamma and neutron 
tests. Each section will briefly describe the 
radiation facility and the effects on passive 
components, active compone.-: cs , and hybrid 
microcircuits . 


Gamma Tests 


Two facilities for gamma irradiation were 
used. Both used Cobalt 60 (1.17 and 1.33HeV 
photons) with dose rates of 1.7 and 4.3Mrad 
(Si) /hr. respectively. Both sources generated 
enough heat to raise the sample temperature 
by about 15*C. Interactions between g amm a 
yhotons and a steel liner between the weaker 
source ewd the sample chamber created some 
Conq>ton electrons which also had measurable 
effects on the devices. 

Passive 


Passive components were tested in the 
weaker source with no biasing during irradia- 
tion. At 5 points during exposure, the samples 
were removed, tested, and returned for more 
radiation. The components were exposed for a 
total of 8C0 hours or 1.36 x 10* rad geunma 
(Si). 
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Thick film resistors in the 500 emd 900 
series of Cermalloy ud axial lead units from 
Caddock were found to change less than 0.1% 
during this exposure. This constancy was 
somewhat surprising due to positive drifts 
seen in earlier tests’ and attributed to 
Compton electron bombardment. 

The high temperature capacitors tested 
were: Philips solid aluminum electrolyte, 

K&o Mica, Brie red cap, and several thick 
film dielectrics (TFS 1005, BSL 4515, ESL 
4301, Cermalloy 905HT) . Host capacitor 
systems tested remained functional throughout 
the test (ESL excepted) but all showed some 
change in capacit 2 mce and degradation in 
dissipation factor and insulation resistance 
(Figures 1 and 2) . The best performers %#ere 
the discrete mica and the SOO’C thick film 
formulation 9015HT. The ESL thick film 
dielectric systems that showed considerable 
change and Instability due to exposure «rere 
returned to near pretest parameters by a 1 
hour bake at 300 "c. Capacitance emd dissipa- 
tion factor were measured at 0.12, 1, and 
lOKHz. Insulation resistance was measured at 
10 volts, with the reading being taken 15 
seconds after voltage application. 
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Fig 1. CapaciUnce Change with Ganca Dose 
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Fig 2. IR change with Gssma Dose 


Active 


To test the effects of gamma radiation on 
p-n junctions at various temperatures, 24 
diodes were exposed at a dose rate of 4.3Mrad/ 


hr. (Si) for 23 hours, yielding a total dose 
of “^1 X 10* rad (Si) . The diodes were grouped 
into 3 modules, each containing 2 gallium 
phosphide, 2 gallium arsenide, 2 low minority 
carrier lifetime (gold doped) silicon, and 2 
high lifetime silicon diodes. The thick film 
hybrid modules were then heated to 50, 175, 
and 300*C respectively. During most of the 
test one of each type of diode at each 
temperature was AC biased. Each diode was 
monitored periodically for reverse lealcage 
current, forward resistance, reverse break- 
down voltage and sharpness of reverse 
breakdown . 

In general radiation effects were minimal. 
Measxired photocurrents were negligible 
(<l6iiA/cm^) for all device. AC biasing had 
no measurable effect on diode performance over 
the span of the test. Low lifetime diodes 
(GaAs, GaP, and gold doped Si) displayed 
little or no chemge in characteristics over 
the 23 hour test; however, the high lifetime 
silicon diode reverse leakage current 
increased appreciably. This effect was, 
presumably, caused by degradation of minority 
carrier lifetime (increase in generation rate) 
due to lattice iiq>erfoctions created by gamma/ 
silicon interactions. A control group of 
identical high lifetime silicon diodes aged 
for 24 hours at 300‘c without radiation was 
found not to show this increase in lea)cage 
current, indicating that the effect was not 
caused by junction poisoning due to unwanted 
diffusion at elevated temperatxure . * 

In another experiment, several types of 
n-channei silicon JFETs (Motorola 2N4220 and 
2N4391 ’ieries) were exposed at room temper- 
ature to a gamma dose rate of ‘vl . 7Hrad/)ur . 

(Si) up to 1.36 X lo’ rad (Si) total dose. 

The transconductance and IpSS vs. accumulated 
dose for a typical transistor are plotted in 
Figure 3. Cutoff voltage, Vqs off» remained 
essentially constant for all transistors 
during the test, indicating that carrier 
removal effects were minimal _ However, trems- 
conductance (and Ipss) decreased monotonically 
for all devices, an effect most likely due to 
a reduction of carrier mobility in the channel. 
Both ganrnia photons ^^ld Compton electrons could 
have created the lattice damage necessary for 
this phenomenon to occur. 


3 

i 2 
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POST ANNEAL— 
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2 4 6 8 XlO^ 
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Figure 3. Motorola 2N4220A JFET 
Parameters vs. Total Dose 
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Because of the layout of the ganna test 
facility used in this JFRT experiment, it was 
iiq>ossible to study the simultaneous effects 
of radiation and elevated temperature. 

Instead, the devices were annealed for 5 
minutes at 200 *C after a total dose of 
1.36 X 10* rad was reached. As Figure 3 
shows, 100% recovery was obtained with respect 
to ggi and losS* This indicates that extremely 
high total doses (>10** rad) may be tolerated 
by JFETs if accompeuiied by moderate heating, 
as expected in a loss of coolant accident. 

It should be noted that devices held below 
30 *C for several weeks after irradiation 
showed no annealing. 

Hybrid 

Tests were also performed on a simple 
hybrid microcircuit containing 6 JFETs and 
3 thick film 500-series Cermalloy resistors. 
Circuit performance did not change throughout 
the test (1.36 x 10* rad total). The same 
technology used for this circuit is employed 
in the con^lete line of Sandia's geothermal 
high temperature instrumentation, including 
voltage regulators, V/F converters, pulse 
stretchers , and multiplexers . * ' 

Neutrons 

The neutron tests have not been concluded 
as of this writing. A pulsed reactor with a 
fast neutron product was used. The pulse is 
about 70|isec long and exposes the samples to 
approximately 3 x lO'^n/cm* during each pulse. 
This source also produces sample irradiation 
of 6 x 10* rad gamma for each 10‘*n/cm*. 

Passive 

Initial exposures of 7 x 10‘*n/cm* were 
used in order to induce only a small change in 
passive component parauneters . As in the case 
of gamma tests, the resistors remained stable. 
This is in agreement with previously reported 
investigations . * Although several capacitors 
showed slight changes in dissipation factor 
due to this neutron flux, they were all 
circuit functional. The extreme tolerance of 
these components suggested an ongoing test 
series which will reach 10*^n/cm^. As with 
gamma tests the source time and cost may 
eventually necessitate extrapolation to higher 
exposures . 

Active 

To study the effects of neutron irradia- 
tion and thermal annealing on diode reverse 
leakage current, several silicon diodes (all 
TRrt ^A1913) were exposed to 10“n/cm*. The 
results of thermal annealing runs on one 
particular (but typical) diode are shown in 
Figure 4. Unfortunately, pre-irradiation 
data was not available for these early tests, 
but measurements made on a non-irradiated 
control group yielded 25 °C leakage currents 
ranging from 5.5 to llnA at -10 volts, with 
most values in the 6 to 8nA range. As can be 
seen, recovery of the reverse characteristics 
is initially rapid but not complete. Similar 
effects were noted for JFETs. The higher 
temperatures within the reactor vessel (tho 
only anticipated application where significant 
neutron fluences would be encountered) may 
improve annealing. 
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Figure 4. Diode Neutron Irradiation/ 
Thermal Annealing Behavior 


An interesting and, as yet, unexplained 
phenomenon was discovered in another phase of 
this experiment. While atteng>ting to aumeal 
the neutron damage by injecting forward 
current across the p-n junction, it was found 
that short applications (‘vi minute or less) 
actually caused an increase in reverse leakage 
current. This increase could, in turn, be 
eumealed by subsequent heat treatment. Non- 
irradiated parts did not exhibit this effect, 
and currents applied for much longer times 
initiated thermal annealing. While the exact 
mechanism behind this l>ehavior is not certain, 
it is thought that charge trapping in g^uDma 
induced states in the passivation layer near 
the edge of the junction may play an inqwrtant 
role. (As mentioned previously, the neutron 
facility also has a significant gamma output.) 
If this is the case, a similar effect should 
be noted on gamma irradiated devices. This 
experiment is still in the planning stage. 

Neutron effects on JFETs used extensively 
in Scutdia's high temperature circuits 
(Motorola 2N4220 and 2N4391 series) were 
examined in another set of experiments in 
which the devices were irradiated to a level 
of ''<7 X 10**n/cm^. As can be seen in Table II 
drastic changes occurred in transistor 
characteristics. In most cases the magnitude 
of VQs^pff increased markedly (average ''<8%), 
indicating carrier removal effects were 
occuring. Transconductance and IpSS decreased 
by more than an order of magnitude. Partial 
annealing was obtained after 1.5 minutes at 
200 *C, with only slightly greater «mnealing 
effected at 300*C. The relatively slow 
recovery confirms the fact that, unlike 
the simple defects created^ by Y photons and 
(k>mpton electrons, neutron'damage is addi- 
tionally composed of more stable cluster 
defects. It is interesting to note that, at 
each tr.-mperature used in the annealing 
experiments, recovery was extremely slow after 
2 minutes; even when the device was held at 
temperature for periods of up to an hour, no 
further improvement was evident. An increase 
in temperature was required to effect further 
annealing. While operation at high 
temperature may provide the simultaneous 
annealing necessary for operation in high 
neutron fluence environments, it is doubtful 
that JFET operation will survive levels much 
ajJQKe 10'*n/cm*. 


TAble II 



'^gs.off 

g„(mtr) 

m 

ld5j(mA) 

PRE TEST 

1.15 

2.00 

1.160 

7X10^^ n/cm* 

1.24 

0.20 

0.073 

ANNEAL: 
l.S mlnf200<>C 

(1.36) 

0.80 

0.360 

ANNEAL: 

11. S min6200°C 

1.15 

0.84 

0.362 

ANNEAL: 

11.5 mine20(PC 
tlO min §30(PC 

1.13 

1.08 

0.439 

ANNEAL: 
11.5 mlni200°C 
t80 min§300°C 

1.14 

1.04 

0.488 


Motorola 2N4220 JFET Parameters 

Hybrid 

The same hybrid circuit which saw 1.3 x 10 ’ 
rad gamma was exposed to 7 x 10‘^n/cm^. After 
a 5 minute, 200'C post exposure anneal the 
circuit functioned normally. 

Summary 

It is clear from these initial tests that 
the traditional limits ascribed to solid state 
electronics in rcidiation environments can be 
vastly exceeded. For example, the thick 
film/JFET technology with no modifications to 
its high temperature form can survive more 
than lO’ rad . The quick annealing of 
passive and active devices at 200**C strongly 
suggests that operation to 10 “ rad is 
possible, a level exceeding any application 
now envisioned. Annealing effects seen in 
diodes and passive components after neutron 
exposure also demonstrate the enheuiced 
radiation tolerance possible by high \ amper- 
ature operation. The JFET response to neu- 
trons defines the extent of radiation 
possible with this hybrid technology. 
Additional tests with high temperature opera- 
tion during irradiation up to 10 ‘ ^n/cm^ are 
necessary before the circuitry tolerance to 
neutron flux can be ascertained. This limit 
is projected as well above 10**n/cm*, however. 

This investigation is only the first 
step toward ultra high rad electronics. 

Several programs must follow. For example, 
the development of JFET ICs will allow 
increased complexity and reliability. During 
the next year , hybrid prototypes of a control 
rod position sensor and a containment vessel 
pressure monitor will be fabricated and 
tested to the appropriate radiation level. 
Device tests will be expanded to include 
bipolar transistors, op amps, I^L micro- 
processors, and MOS structures. 

Although this thick film/JFET technology 
appears suitable for reactor instrumentation 
in both the containment and reactor vessels, 
power and volume restrictions on space 


probes may demand the CMOS technology which 
is now used for similar reasons in weapons. 


Analysis by other researchers 
has indicated that CMOS should not necessarily 
be discarded for use in extremely high 
radiation environments, as long as elevated 
temperature provides some annealing of the 
trapped charge in the oxide.*'* Detailed 
experiments along these lines are planned for 
the near future. Although the CMOS technology 
has not been addressed in this report nor 
extensively tested at these high radiation 
levels, it is important to note that at least 
two solid state microelectronics options exist 
which have capability to the highest radiation 
levels expected for nuclear reactor and space 
needs . 
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Summary 


The General Electric Company has bem inv^ved 
in developing Integrated Injectin Logic (I^L) 
technology for reliable operation under a -55% to 
+300%, temperature range . Experimental measure- 
ments indicate that an 80 mv signal swing is available 
at 300% with 100 fiA injection current per gate . In 
addition, modeling results predict how large gate 
fan-ins can decrease the thermal opera- 

tional limits . These operational limits and the long- 
term reliability Actors associated with device metal- 
lizations are being evaluated via specialized test 
mask. 


The correct functional operation of large scale 
integrated circuits in a -55% to +300% temperature 
envimunent for long periods of time will provide 
substantial immediate benefits for digital jet aircraft 
engine control and geothermal or deep fossil -fuel 
well logging. Most commercially available LSI tech- 
nologies are inoperable or suffer long-term instabil- 
ities under these conditions . 


Introduction 

There is no Inherent reason why siUcon bipolar 
devices will not operate at +3Q0% for extended 
periods of time, provided the circait has been prop- 
erly designed to tolerate leakage currents in that en- 
vironment . A calculation using extrapolated diffusi<m 
coefficients for aluminum in silicon (the worst-case 
dopant) at 500^(3 indicates that p-n juncti<ms would 
not move appreciably in 1000 years . However, other 
contaminants such as gold or copper not commonly 
desired in unlimited quantities have diffusion coeffi- 
cients at least ten orders of magnitude hi^er. In 
addition, the metal interconnection system on the 
chip's surface must provide good ohmic contact and 
resist the effects of electromigration . This paper 
will report on the effort at General Electric to devel- 
op reliable hi^-temperature integrated circuits. 

That work has been and is focused on both the design 
of silicon bipolar devices and the metallization sys- 
tem. 

SILICON I^L -DEVICE DESIGN CONSIDERATIONS 

The operational limits of I^L gates at high tem- 
peratures may be described by a variety of methods . 
Measurements of ring -oscillator propagation delays 
as a functitm of current and temperature provide a 
direct indication of the operating regions with unity 
fan-in but do not provide any information on noise 
niargins. 

A second method of determining l^L operating 
limits enables an evaluation of the noise margin and 
signal swing . Two l^L gates are connected in series 
with the first connected to a switch to provide a zero 
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or one input (see Figure 1). Voltage measurements 
at the point between the gates are Vqe ot the second 
gate's NPN transistor, with a zero input by the switch 
Vg^X I^^st gate collector with a <»e input. 



Figure 1 . Measurement Method for Determining l^L 
Voltage Swing . 

Figure 2 plots the measured base-emitter for- 
ward-biased voltage drop for a gate input and the NPN 
collector saturation voltages for a gate ou^ut as a 
function of temperature . During operation, the PNP 
injecUon fo^rd biases the NPN base -emitter junc- 
tion and, with the collector conducting, a low (zero) 
logic level is supplied to the following stage . The 
collector sinks injection current intended for the fol- 
lowing stage, bringing its input voltage down to the 
VsAT l®vel of the collector. This turns off the fol- 
lowing stage, producing a high (one) output -logic 
level . 



TEMPERATURE <0*0 

Figure 2. Measured NPN Base Emitter Voltage and 
Collector Saturation Voltage versus 
Temperature 



The effect of the voltage -swing margin may be 
observed from the data presented in Figure 2 . The 
VbE for 100 fiA in]eciion current is about 550 mV at 
about 125% and steadily decreases with rising tem- 
peratures to about 200 mV at +300% . The Vg^T f<*>^ 
a 100 pA injection increases to a 120 mV level at 
this same temperature, resulting in a voltage noise 
margin of 80 millivolts . The voltage noise margin 
may be obtained for the complete operating region 
from the difference between the voltages at similar 
injection currents . 

Figure 2 indicates that signal amplitude and 
noise margin can be improved by increasing the in- 
jection-current density. 

A third method of determining l^L thermal op- 
erating regions is provided by the digital effective 
gain, which may be measured or calculated by com- 
puter modeling techniques . The effective gain is 
defined as 

a _ collector current sintog capability 
^eff base current removed from gate input 

I^L logic signals will propagate as long as the digital 
effective gain is greater than one . The mechanism by 
which the effective digital gain decreases at high tem- 
peratures is through collector leakage . The total 
leakage currents in all the OR -tied collectors (fan- 
in) connected to a gate input rob that gate of some 
fraction of its injected base current and thus its 
collector -current sinking capability. This phenom- 
enon is observed in Figure 3. As the fan-in is in- 
creased, the total collector leakage removes an 



Figure 3 . Modeled Temperature and Gate Fanin 
hifluences on Effective Digital Gain 


appreciable fraction of the injected base current in 
the I^L gate at lower temperatures. The effective 
gain is forced to less than one . This also imposes a 
design rule on the gate fan-in for a given gate to per- 
form correct logical operations at some specified 
temperature and injection current. 

HIGH TEMPERATURE METALUZATION 


The production of a stable, highly- reliable metal- 
lization system is equal in importance to the silicon 
gate design in the production of hi^ -temperature LSI. 
The metal system chosen for the high-temperature 
applications is platinum silicide/titanium -tungsten/ 
gold. 

Platinum silicide forms stable ohmic contacts to 
silicon, and gold was chosen for its ability to inter- 
face easily the chip to the outside world . However, 
unlimited gold diffusing into the silicon would seri- 
ously affect device performance, and silicon diffusing 
into the gold metallization can produce reliability 
problems due to the creation of voids . As a result, 
a thin titanium -tungsten barrier metal system is em- 
ployed to separate those materials . 


Verification of high reliability metallizations and 
silicon devices require accelerated aging to com - 
press time scales to reas<mabie durations . Since 
most failure mechanisms in integrated circuits are 
temperature dependent, an activation energy may be 
obtained for the domimint failure modes . A reaction 
rate or failure rate may then be predicted at various 
other temperatures by the Arrhenius equation: 


R = 


Ae-®^ 


12 ). 


However, activation energies determined from hi|^- 
temperature testing may be invaiid if a phase change 
has occurred. This is a problem that provides con- 
siderable complications in producing hig^ reliability 
circuits for 300% operation; these circuits must be 
accelerated -life tested at temperatures above 350°C. 


An independent test mask was designed for metal- 
lization evaluations . The mask consists of a repeti- 
tion of the 190 X 186 mil master cell shown in Figure 
4. The master cell is divided by scribe lanes into 
four separable chip types. Each chip, therefore, 
has an area of 95 x 93 mils . Within each chip are 
two different test element cells. Cells Al, A2, A3, 
A4, Bl, B2, and B3 are metallization test elements. 
The final cell is an I^L active test circuit . 


The metallization test cells were designed to in- 
vestigate the electromigration effect on the thin metal 
layer as a function of the metal iinewidth and metal 
line spacing at elevated temperature . The electro- 
migration effect could eventually cause metal -line 
runoff and resulting open circuits and short circuits 
between separated metal lines. The metal test ele- 
ments were designed with a four -point probe capabil- 
ity to enable precise measurements to be made in 
order to detect effects of eiectromigration long before 
catastrophic failure . 

The test elements were also designed in a man- 
ner tliat enables ohmic contact resistance to be accu- 
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Figure 4. Master Cell Block Diagram 

rately measured from external package leads, series 
resistance to be accurately measured while arbitrary 
current levels are passed through a metal thin -film 
conductor element, arbitrary voltage levels to be 
applied between adjacent metallization runs using ex- 
ternal package leads, I^L logic -gate digital gain to be 
measured from external package leads, and I^L 
propagation delay to be externally measured using 
seven-stage ring oscillators. In addition, various 
gate sizes and styles were used in the ring oscillators 
to provide a convenient method of comparing the ef- 
fects of different current densities. 

Figure 5 shows a plot of a typical metallization 
test pattern. To cover the range of the current I^L 
fabrication process. Tour different minimum dimen- 
sions were chosen; 0.2, 0.25, 0.3, and 0.4 mil. 

The metal stripe spacing was matched to the metal 
stripe width in each test element . The metallizaiion 
test elements also investigate the effect of contact- 
hole size on the ohmic contact resistance for each type 
of doped region . 
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Figure 5. Plot of the Mask Pattern for a Typical 
Metallization Test Element 


On each metallization test cell (from A1 to B3), 
the top and bottom four pads were used for ohmic con- 
tact studies. For reliability studies of the electro- 
migration effect at elevated temperature, each of the 
two electromlgraticMi test vehicles contains three 
parallel metal stripes that are greater than 10 mils 
in length . The stress pull test on wire bonding can 
be done on the 8 mil x 8 mil enlarged metal pad near 
the center of the test chip. 

Steps in the surface contour of a monolithic cir- 
cuit are known to degrade the useful resolution ca- 
pability of any given metallization system as well as 
to increase electromigration effects . To reveal pos- 
sible problems, various combinations of these steps 
were intentionally designed into the metal test ele- 
ments. Thus, seven test -element cells are devoted 
to the evaluation of conductor line -width, spacing, 
and ohmic contact resistance . Table I summarizes 
the permutations provided on the metal test cells . 


TABLE I. METAL TEST CELL FEATURES 


CeU 

Oes ignition 

Cell Featuree 

Oxide 
Feature 
Under Four* 
Probe 
Electro- 
Migration Line 

Contact Opening, 
Line Width, and 
Line Spacing 
(miU) 

CooUct 

Teit 

Al 

P 

0.25 

P 


P 

0.3 

P 

Al 

n 

0.25 

D 


n 

0.3 

e 

A3 

pn 

0.25 

np 


- 

0.25 

Scbottky 

A4 

pn 

0.3 

no 


• 

0.3 

Scbottky 

B1 

pn 

0.4 

np 


- 

0.4 

Scbottky 

B] 

p 

0.4 

P 


n 

0.4 

n 

B3 

n 

0.2 

np 


* 

0.2 

p 


Figure 6 shows a comparative photograph of the 
B3 metal test configuration along with the 12 l test 
cell. The test cell's purpose is to evaluate I^L active 
circuits with the barrier metallization system . The 
I^L circuits' test cell consists of the following com- 
ponents: a rectangular symmetrical gate cell and a 
slanted, symmetrical gate cell 3, each cell containing 
a dual output logic gate and a quad output logic gate ; 
seven-stage ring oscillators using these basic gates; 
and a reduced geometry rectangular symmetrical gate 
seven-stage ring oscillator. 

INITIAL EVALUATION RESULTS 

Accelerated life tests are bemg carried out on 
the integrated -injection -logic ring oscillators . The 
oscillators were powered at 100 microamperes per 
gate during stress tests at 340°C . Out of 23 initial 
samples one failure occurred at 24 hours, leaving 
22 active devices. Of these remaining devices, 6 
have been under test for 580 hours, while tjie re- 
maining 16 have been stressed for 247 hours. None 
of these has degraded . 
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Figure 6 . Photograph of the B3 Metallization Test 
Element and the Active I^L Circuits 


CONCLUSIONS 


Integrated Injection Logic is a viable approach 
for large-scale integrated circuits that will tolerate 
300°C . Silicon I^L gate designs have been shown to 
be operable at these temperatures. In addition, a 
high -temperature barrier -metallization system has 
been chosen and an evaluation mask designed. Initial 
stress test results are encouraging, even though the 
metallization system has not been oKimized . 
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Introduction 


The theory on which silicon (Si) metal 
oxide semiconductors (M08) technology is 
founded states that this type semiconductor 
will perform adequately at 300 °C. High 
temperature tests conducted on commercially 
available MOS field effect transistors (FET) 
have confirmed this hypothesis. In this 
report, we present the results of an I'ves- 
tigation into the possibility of using CMOS 
technology at Sandia National Laboratories 
(SNLA) for high temperature electronics. A 
CMOS test chip (TC) was specifically developed 
as the test bed. This test chip Incorporates 
CMOS transistors that have no gate protection 
diodes; these diodes are the major cause of 
leakage in commercial devices. 

We decided to use CMOS technology because 
both n- and p-channel devices could be eval- 
uated. We also looked at small-scale inte- 
tratlon, e.g., an Inverter using CMOS junction 
isolation £uid a simulation of dielectric 
isolation. 

Theory and actual data have been compared 
before.’ In this paper we Intend to report 
on the aging and stability of CMOS devices; 
especially where requirements call for minimal 
drift when subjected to 300°C for 1000 hours. 
This drift must be less than that in devices 
taken from room temperature to 300°C. 


i 

• The overall transconductance decreases 
rapidly as temperature and doping 
Increases . 

With these generalizations in mind, we made 
the process variation listed in Table 1. 


Table 1 


Kjfec 

1 


s 


7 


* 




Substrate 


given 


.8 *1.2 *OB Retype 

c.*’ 

•8 *1.2ac« Retype 


.4a-or Retype 


.2 - R'type 


Boron <0 ii.V 7x10^’ 

Hg s 4»lo’*e">"’ 

Boren CO kev 2ilo'* 
«g » ««lo‘’e."’ 
Boron $0 keV IxlO^’ 
Hg S 

Boron 60 kev ]klo'* 

Hg 0 


Physics 

From semiconductor physics, the following 
generalization can be made: 

• As temperature increases, the 
Fermi level moves toward the middle 
of the band gap, causing the built- 
in potential to decrease, thereby 
decreasing the threshold voltage. 

. As temperature increases , the band 
gap narrows, causing a minor increase 
in the intrinsic carrier concen- 
tration, (n^) . 

• Carrier mobility decreases with 
Increasing temperature, causing 
transconductance to decrease. 

• Increasing temperature increases 
leakage of generated and diffused 
currents . 

•The more the doping, the greater 
the variation in threshold voltage 
as .emperature Increases. 


These variations are adjustments of the 
various doping levels that compose the MOSFETs, 
and they require many trade-offs in electrical 
performance, making optimization difficult 
(Tables 2 and 3) . Table 2 shows that, 
although wafer 1 produces symmetrical gate 
voltages, leakage and transconductance vary 
greatly between the two channels. Wafer 9 
performs well in leakage and voltage but not 
in transconductance. 

All wafers except No. 5 performed as 
predicted by theory. The anomaly of wafer 5 
remains unexplained. The tables show the 
average values derived after subjecting the 
wafers to 300 **C for 1000 hours. Threshold 
voltages for the surviving devices are within 
to. IV of those listed in Tables 2 and 3; 
leakages are within tSsA of those listed in 
Table 2, and 25 mA of those in Table 3. 
According to theory, the following pattern 
should appear. 

For wafers 1 and 5, p-channel data should 

be similar. 


For wafers 7 
be similar. 

and 

9, 

p-channel 

data 

should 

For wafers 5 
be similar. 

and 

7, 

n-channel 

data 

should 


• The zero temperature coefficient 

point occurs at higher gate 
voltages as the doping is Increased. 


* 
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Table 2 


TC-1 Process Comparison at 300°C 


Wafer 

Average Leakage 
(gA) 

n-Channel p-Channel 

Average Gate Voltage (Vq) 9 lOgA 
n-Channel p-Channel 

Average Tranaconductancc 
(lashoi ) 

n-Channel p-Channel 

1 

12.41 

i8.es 

1.4S 

-1.45 

0.45 

0.24 

5 

21.44 

2S.86 

2.72 

-1.26 

0.22 

0.26 

7 

3.90 

6.15 

1.60 

-2.41 

0.34 

0.21 

9 

4.43 

6.07 

2.56 

-2.50 

0.10 

0.14 




Table 

i_J_ 




Wafer 

Average Leakage 
(gA) 

n-Channel p-Channel 

Average Vq 
n-Channel n-Channel 

9 100 |iA 
p-Channel 1 

>~ChanneI 

n-Channel 

Average Cm 
n-Channel p 

(nmhos ) 

-Channel p-Channel 

1 

280 

460 

1.54 

1.55 

- .79 

- .78 

1.10 

1.07 

1.82 1.75 

5 

88 

163 

3.08 

3.08 

-1.18 

-1.21 

0.61 

0.61 

1.79 1.79 

7 

107 

139 

1.77 

1.78 

-2.12 

-2.14 

1.07 

0.99 

1.27 1.27 

9 

88 

139 

2.77 

2.49 

-2.02 

-2.22 

0.66 

0.68 

1.16 1.14 


TC-4 Proces.i Comparison at 300°C 


The tables show that, except for wafer 5, the 
theory and the actual data generally agree. 

The guard-ring, junction isolated CMOS 
proceis is quite clean and uses Qss> Nst 
reduction techniques and other schemes to 
reduce oxide contamination. ' For example, 
by annealing with N2 we decrease Qss, and by 
annealing with H 2 we decrease Ngf Careful 
and clean processing decreases sodium and 
potassium contamination. The circuits were 
metallized with standard aluminum lym thick, 
and standard p-glass passivation was used over 
the metal. The components were packaged in 
a ceramic, 16-pin flat pack. 


Stability 

Although we will not discuss all the 
parameters tested, as an ir<dication of 
stability, we will discuss data for gate 
voltage at lOuA (TC-1) and lOOuA (TC-4) , and 
leakage currents. 


To determine gate voltage, each transistor 
was measured separately. The source and sub- 
strate were connected to ground, and the drain 
was con.iected to an 8-V source. The voltage 
on the gate was slowly increased until lOuA 
was measured between source and drain; this 
voltage was recorded. The lOpA value includes 
the reverse leakage current from drain to 
substrate but not from p-well to n-substrate. 
In all data obtained, lOuA was not exceeded in 
the gate voltages measured for TC-1 (lOuA) cr 
for TC-4 (lOOgA) . See Table 3. 

Leakage Current 

The leakage currents discussed are drain- 
to-source channel leakage, drain-to-substrate 
reverse bias leakage, and p-well to n-substrat 
leakage. TI.ey were measured with the tran- 
sistors connected as a CMOS inverter. With 
one transistor biased strongly on, we then 
measured the current that the other transistor 
allowed to pass while it is turned off (Figure 
1) . Thus, we have a worst case measurement 
for leakage. In all cases, leakage was small 
enough (Ij, < Ids) allow the semiconductor 
to remain useful in actual circuits. 





(D 

N* 


figure 1 

Measurement of Leakage 
Current for n-Channel 

(1) Drain to Source Leakage 

(2) Drain to p-well Leakage 

(3) P-well to n-substrate Leakage 


In all cases, we determined that the n- and 
p-channel devices were reasonably stable and 
functional except for wafer 5 which remains 
an unexplained anomaly. 

Wafer 9 demonstrated good stability, low 
leakage, and a reasonable Vg at lOuA on both 
the n- and p-channel devices. TC-4 data 
supports this finding but has an order of 
magnitude increase in leakage because of its 
larger size. 

Inverters 

Data from transistors connected as 
Inverters, show that they will perform as a 
small-scale integrated circuit (SSIC) at high 
temperatures for extended periods of time 
(300°C for 1000 hours) . 

Vnl vnh 

In this test, we measured the output 
voltage with the inputs at 1.5V (V^l) and 3.5V 
(Vhh) obtaining functionality and noise margin 
parameters . 

IpN and Ipp 

With these tests we determined the drive 
current capability of the n- and p-ohannel 
devices when hooked together as an inverter. 

Results 

The data for inverters show that all 
processes were functional at 300 °C after 1000 
hours. In all cases, drive currents decreased 
with increasing temperatures as theorized; 
current is lost to ground through several 
leakage paths (Figure 1) as temperature 
increases . 

Judging from the data obtained, there 
seems to be no outstanding advantage in one 
process over the other. There should be more 
dynamic testing to determine this. The data 
do suggest that drive currents for the higher 
doped devices (wafer 9) are more symmetrical 


for a given geometry and are less temperature 
dependent than lower doped devices. Further- 
more, CMOS, when digitally operated, works in 
a complementary mode; that is, when one 
transistor is on, the other is off. This is 
helpful for reliable high- temperature perfor- 
mance because it allows both devices to go 
depletion yet still perform a given digital 
function (Figure 1). Therefore, we can leave 
the threshold voltages closer to zero than when 
the devices must remain enhancement at SOO’C, 
making higher speed devices possible. Wafer 
5 has not been discussed because of its 
unexplainable behavior . 

Simulated dielectric isolation inverters 
showed similar trends but with a vast improve- 
ment in leakages. This makes a big difference 
in noise margin and absolute temperature 
optimization . 

Many trade-offs are necessary to determine 
the best way to build high-temperature CMOS 
circuits. The principal parameters that must 
vary are doping profiles and size; oxide 
growth and overall cleanliness make the circuit 
possible . 

Process (Doping Profile) 

Judging from the results of this study, 
doping profiles like those of wafers 7 and 9 
are best for high-temperature use. Application 
is extremely important because we must know 
what is expected from the circuit before the 
right process is found. For example, wafer 9 
(n~ sub %2 X 10*® cm* and p-well Ns x 10*’ 
cm~*) might appear to be the best choice for 

high-Vemperature electronics it has good 

symmetry, exhibits small variation with 
temperature, and has reasonable drive current 
capability. However, in some applications, it 
may have too high a threshold voltage and too 
low a breakdown voltage ('>'12V) . Therefore, 
depending on the circuits used. Increasing 
the doping to increase the temperature range 
of the CMOS does not always produce an ideal 
circuit. In fact, some electrical require- 
ments may make it impossible to develop a high- 
temperature circuit by using silicon planar 
technology. 

Geometry 

When designing the mask set for high- 
temperature circuits, we must include several 
considerations not necessary when designing 
room temperature circuits. For example, of 
major importance is the fact that the area 
between the p-well and the n-substrate must be 
as small as possible to decrease reverse 
leakage. This means that each n-channel 
tri'usistor should have its own p-well. The 
price for this is an undesirable increase in 
the silicon area. 

The mobility of holes and electrons 
decreases with increasing temperature but not 
at exactly the s^'me rate. However, the ratio 
of Z/L n-channel to Z/L p-channel should be 
the seune as in room temperature circuits to 
k«ep the circuits complementary. Keeping 
tneir ratio the same as in room temperature 
circuits seems to be a good compromise. 
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For high tenperature circuits, tin area 
froa the drain to the substrate junction 
should be as snail as possible to decrease 
reverse leakage. This is accouq^lished by 
horseshoeing the 8 As, thereby increasing 
circuit density — this nethod is already in 
connon use. 

To nake high-tenperature circuits uore 
reliable, netal lines should be as broad and 
deep as possible, again sacrificing chip area. 

Conclusions 

Existing CMOS technology can be used to 
produce stable and useful circuits that oper- 
ate at 300* C for 1000 boors. This acconplish- 
aent, however, sacrifices sooe chip area and 
does not provide gate protection. For this 
latter probloi, high- temperature 6aAs and 
GaP diodes should be developed as protection 
devices. Although these diodes would probably 
be outside the CMOS chip, they could be part 
of the same flat pack. 

Dielectric isolation CMOS would be a 
great improvement over junction isolation and 
work has begun in this area. New solar cell 
diodes show pramise as input protection 
devices. This would allow us to be con^letely 
integrated again. 
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ABSTRACT 


Sodium-sulfur cells are an attractive electric energy 
storage for long service. In sLrong environment. 

State of art Is given. More than ilM) Nh/kg cells have 
been tested. The knowi range of vr/rk1ng temperature Is 
550 - 750* F. Self-discharge 1* quite nonexistent for 
months In operation. 

Technical basis for expecting an operating range up to 

1 000* F under high pressure atmosphere are given. Pos- 
sibilities to adapt size and characteristics to parti- 
cular Interplanetary mission are discussed. 

1) - OPERATION AND TECHNOLOGY OF THE SODIUM-SULFUR CELL 

Figure 1 Is a schematlcal vleu of a sodium-sulfur cell. 
The sodium, which Is the negative pole. Is Inside a 
B-alumlna glove finger. B-alumlna Is a ceramic having 
the property of transiting Na'*' Ions : It Is therefore 
a solid electrolyte. Outside the 0-a1um1na glove finger 
Is located the positive electrode which Is formed from 
sulfur held In a graphite-fibre conducting network. 

The whole is encicsed In two steel containers, separa- 
ted electrically 'rom each other by a ceramic Insula- 
ting ring a-aiumliia. 

The cell Is manufactured In the charged condition. Du- 
ring discharge, the sodium passes through the solid 
electrolyte In the form of Na'*’ Ions and reacts with 
the sulfur while giving off polysulfides. 

For the operation to be correct. It Is necessary for 
the reagents, sodium, »uifur, polysulfides, to remain 
liquid. For that, the temperature must be greater tiian 
500* F and preferably close to 650* C. 

The cell may be recharged and so operate as an accumu- 
lator, able to effect a large number of successive 
charging cycles. But for that, the sulfur- graphite 
electrode must have special properties wh*ch are obtai- 
ned through complex and elaborate manufacture. However, 
even the primary sodium-sulfur cells are capable of 
being partially recharged and of operating for a long 
time as in accumulator, but with a capacity of only one- 
third of the normal capacity. 

The open-circuit voltage Is 2.08 volts. The practical 
operating voltage may be chosen between 1 voH and 

2 volts depending on the power and on the discharge 
conditions. 
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2) - STATE OF THE ART 

The principal technological problems have been resolved 
during recent years. 

It was a question of : 

- the manufacture of the solid electrolyte 

- soldering of the solid electrolyte to the 
Insulating a-a1um1na ring 

- perfectly tight sealing of the steel contai- 
ners on the a-alumlna ring 

- the manufacture of the sulfur electrode 

- and different other practical fllllno problems 
and sealing In an atmosphere perfectly free of 
any trace of water or of other polluting mole- 
cules. 

At the L.d.H. sodium-sulfur cells are at present manu- 
factured in two sizes. 
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Fig. 2 . Six* of standard 
aodlum-aulfur call* 


A small-size cell model (4.5 Ah] is manufactured and 
used solely for laboratory research and experimentation 
purposes. A large-size model (260 Ah) is also at pre- 
sent manufactured in the laboratory. Its dimensions 
are optimized for load leveling. 

The principal characteristics of these cells are given 
in the following table : 


Figure 3 gives the electrical characteristics of a cell 
depending on the charging condition. 

It should be noted that manufacture is easier and more 
reproducible in the large size than in the small size, 
which favours then high-energy applications on board 
and not miniaturized aopl ications. 

One very interesting characteristic of the sodium- 
sulfur generators is the absence of self-discharge. 
There is no self-discharge at ambient tenperature and 
even after a long period of storage (greater than 1 
year) at 650“ F no self-discharg was measured. 
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The above characteristics relate to cells fitted with 
sulfur elect’-odes able to operate as accumulators (se- 
condary generator). Similar cells, but provided with 
primary electrodes (primary batteries) would have capa- 
cities ano energies about 20 X greater. 


3) - SPATIAL APPLICATION 


The operating temperature (650® F) which is a dlfflcul- 
t> ana a hanalcap for ground applications may become 
an extremely favourable factor for some spatial appli- 
cations 

We think Immediately of the cases of Interplanetary 
probes which must travel through high- temperature at- 
mospheres. Such Is the case of probes whose mission Is 
the explanation of VENUS. For example, at an aHItude 
of 17 km, the temperature Is 630° F and under these 
conditions the sodium-sulfur cells operate freely, 
wlthoj*- needing any heating or heat Insulation. The 
high pressure (28 bars) which reigns at this altitude 
can be withstood by the containers because of their 
cyclindrical shape and small diameter. Nothing stands 
In the way of very long duration missions, which may 
be considered In months or even In years. 

However, It must be recognized that the pres»nt cells 
have not been optimized for such spatial applications 
and chat certain modifications would have to be made. 
For example, for operating In any position a d with 
any orientation. It would be necessary to provide the 
Inside of the solid electrolyte with a porous layer 
wettable by the sodium which Is designated sodium wick. 

A great number of experimental checks remain to be 
made, during which certain Imperfections might appear 
and Involving studies and modifications with respect 
CO the present state of the technique. These tests re- 
late for example to : 

- resistance to high accelerations (several 
hundred g) 

- resistance to, .hocks and vibrations 

- possible problems of thermal shocks on rapid 
entry Into hot atmospheres 

- the problems of checking and guaranteeing re- 
liability. 

4) - FUTURE POSSIBILITIES 

From the mechanical and sealing point of wiew, present 
cells are able to withstand substantially 1 000° F. 

But the problems of corrosion of ti.e containers, which 
are overcome at about 650° F, limit the serviceable li- 
fe for higher temperatures. 

However certain simple solutions may be considered. For 
hl'-h-pressjre atmospheres, the use of deformablu con- 
tainers would be a neat solution, both for reducing 
the weight and for resolving the operating problems. 

In fact. It would be possible to balance the Internal 
pressure with the external pressure, whkh would allow 
operation at practically unlimited pressures. Under 
high pressures, boiling of the sulfi-r only occurs at 
much higher temperatures and consequently operation 
close to 1 000° F would become possible (at 1 000° F, 

It Is sufficient for the pressure to be greater than 
3.3 bars). 

Figure 4 shows the possible operating range. 




The principal problem would become that of high-tempe- 
rature corrosion of the container by the polysulfides. 
The anticorrosion protection used at the present time 
and limited by Its cost, could be substantially increa- 
sed and solutions using more studied materials and 
techniques may be considered. 

In any cas, the corrosion problems are less serious 
when the missions are limited to a few days or a few 
tens of days and not to years. 

It is then not utopian tc put forward ti* sodium-sulfur 
generators as txtremely valid candidates for future 
ground explorations on VENUS (S00° F, 100 bars), for 
missions of fairly long duration. 
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STUFrEO MO LAVER AS A DIFFUSION BARRIER IN METALLIZATIONS FOR HIGH TEMPERATURE ELECTRONICS 
John K. Boah. General Electric Coaipany, EP-7. Syracuse. New York. 13221 
Virginia Russell , General Electric Conpany. EP*3. Syracuse. New York. 13221 
David P. Snith. General Electric Company. EP-7. Syracuse. New York. 13221 


Abstract 

Auger electron spectroscopy (AES) was alloyed to 
characterize the diffusion barrier properties of 
molybdenuBi In the CrS1^Mo/Au wetalilzatlon system. 

The t.^rr1er action of No was daannstrated to persist 
even after 2000 hours annealing time at 300**C In a 
nitrogen ambient. 

At 340*C annealing temperature, however, rapid 
Interdlffu^v - was observed to have occurred between 
the varlou. metal layers after only 261 hours. 

At 4S0**C. the metallization degraded after only 
two hours of annealing. 

The presence of controlled amounts of oxygen In the 
Mo layer Is believed to be responsible for suppressing 
the short circuit Interdiffusion between the thin 
film layers. Above 340*C. It Is believed that the 
Increase In the oxy^ mobility led to deterioration 
of Its stuffing action, resulting In the rapid 
Interdiffusion of the tMn film layers along grain 
boundaries. 

The CrSl 2 /M)/Au barrier metallization system lent 
Itself easily to fine line patterning. 

Introduction 

Thin film metallizations play a critical role In the 
reliability of microelectronic devices. The 
deleterious effects of aluminum alloy penetration' *2 
and the "purple plague"3*4 In gold-aluminum thin 
film couples are well-known examples. Thin film 
metallizations are made up of very small grains, 
high densities of grain boundaries and dislocations. 

It is well established that grain boundaries and 
dislocations Increase atomic ngbillty by acting as 
short circuit diffusion paths. GJostelne has 
shown that for face centered cubic metals, thin film 
Interdiffusion Is controlled by dislocation pipe 
diffusion and grain boundary diffusion In the 
temperature range 30-60 percent of the melting 
point. Bel >w this temperature range. Interdiffusion 
Is not very *1gn1f leant. Above this temperature 
range, lattice diffusion predominates. Diffusion 
barriers' sich as stuffed barriers, passive barriers, 
sacrificial barriers and thermodynamically stable 
barriers, are intended to suppress short circuit 
controlled Interdiffusion. The purple plague 
mentioned earlier can Le a'crlbed co Kirkendall 
voiding through short circuit Interdiffusion. 

Harris et alG reported that the diffusion of T1 In Mo 
wb. Inhibited by the presence of oxygen In the Mo 
layer cf a Tl/Mo/Au system. Nowicki and Hang’ 
observed the suppression of Au-SI Intermixing in 
Sl/Mo/Au system If the No layer was reactlveiy 
sputtered In Nj-Ar mixture. They attributed the 
enhanced Mo barrier action to N 2 occupation of the 
octahedral sites around the Mo atoms. Neither of 
the above studies dealt with prolonged annealing 
effects at high temperatures. 


The need for high temperature (up to 300"C) micro- 
electronics applications in such diverse fralds as 
aircraft engine controls, nuclear reactor core 
monitoring instrumentation and oil and gas well 
downhole instrumentation has further Imposed 
stringent reliability requirements on microelectronic 
Interconnections. Diffusion barrier protection of 
the ohmic contact layer and metal conductor layer thus 
assumes new Importance. This paper will discuss the 
enhanced high temperature diffusion barrier properties 
achieved through the Introduction of controlled 
amounts of oxygen In the No barrier layer of the 
Cr/No/Au metallization system. 

A barrier metallization system Is shown schematically 
In Figure 1 . It consists of an ohmic contact layer 
(CrSl 2 ). a diffusion barrier layer (stuffed No) and an 
Interconnect or conductor layer (Au). Figure 2 
Illustrates a tri -metal system where diffusion barrier 
protection Is lost during heat treatment. 

Experimental Procedure 

Sequential deposition of the thin film layers of Cr, 

No, and Au on (lll)-orlented, N-type silicon single 
crystal wafers was carried out using planar r.f. 
magnetron sputtering (Perkin-Elmer Ultec Model 2400- 
8SA). Sputtering pressures were less than 10 mtorr 
using argon. Qxygen-a<^n gas mixtures were utilized 
for reactive sputtering of the No. Prior to sputtering, 
the silicon wafers were etched In dilute HF, rinsed 
thoroughly In de-lonized water, air dried and trans- 
ferred luRiedlately Into the sputtering chamber. 

After sequentially depositing the Cr/No/Au system, 
sintering was perform^ In a quartz tube In a flowing 
ni .'-.rogeM ambient at 450’C for 15 minutes to affect 
CrSl 2 formation. 

Annealing experiments were subsequently carried out 
at 300”C, 340"C and 450”C. The 300”C anneals were 
performed In nitrogen ambients In a quartz tube for 
ICu hours, 1000 hours and 2000 hours. 

Annealing experiments above 300*C were carried out In 
vacuum. AES was employed to study the extent of thin 
film Interdiffusion between the various metal layers. 
Fine line pattern definition was evaluated using a 
combination of photolithographic and chemical etching 
techniques. 

Resuivs and Discussions 

AES profiles of the Cr/No/Au system before and after 
sintering at 300"C are shown In Figures 3-6. There 
was limited penetr«>t1on of the Cr layer by the Mo layer 
during the sputter depoiltlon. After annealing at 
300"C for 2000 hours, the diffusion barrier properties 
of the No layer were found to be intact. Some re- 
distribution of the oxygen In the No layer occurred 
during the 300"C annealing. The suppression of the 
expected grain boundary Interdiffusion may be 
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ticrlbcd to tht oxygon IneorporotaO Into tho No 
layer. The stuffing behavior of oxygen oey be 
staller to that of nitron In T1-M observed by 
N^kl et alio ta the M/TI-M/Au Howicki 

and Hang* also reported that controlled IncorporatiM 
of nitrogen Into nolybdenun 
rate of grain boundary Interdiffusion In No/Au 
couples. 

Annealing above 300«C revealed that oxygen stuffing 
does not conpletely suppress short circuit controlled 
Interdiffusion such as shoun In the AES profile of 
Figures 7 end 8. In fact, at 450“C, the oxygen 
■obinty was so high that stuffing action nos lost 
with a resultant loss of Mo bailer action after 
only 2 hours of annealing. This observation Is 
consistent with Wie eguatlons of fijost^n® and 
other recently observed thin flln Interdiffusion 
phenonenaO. pine line patterning was accov'' sM 
using photolithography and chenlcal etching iiuch as 
shorn In Figure 9. The fine lines are two microns 
In width. 


Summary 

The diffusion barrier action of stuffed Mo layers 
has been d^nstrated to be reliable at 300“C fOr 
at least 2000 hours In a nitrogen ambient. The 
Incorporation of oxygen In the No layer Is believed 
to be responsible for the enhanced diffusion barrier 
action of the Cr/No/Au metallization system at 
temperatures below 300“C. Above 300"C, the Mo 
barrier action rapidly deteriorates. 

The cooperation of Dr. Joseph Peng (formerly of 
ARACOR. Sunnyvale. California, and now witt 
Fairchild) and Dr. Arlstotells Chrlstou (NRL, 
Washington. D. C.) In the AES analysis Is 
gratefully acknowledged. Our thanks also to 
Dr. Chrlstou for many helpful disucsslons. 
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Figure 4: AES SPUTTER PROFILE OF THE Cr/Mo/Au 
SYSTEM AFTER A 168 HOUR ANNEAL AT 300“C FOLLOWING 
THE CrSi, FORMATION 
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Figure 8; AES SPUTTER PROFILE OF THE Cr/Mo/Au 
SYSTEM ArER VACUUM SINTERING AT 450®C FOR 
2 HOURS 
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Figure 5: AES SPUTTER PROFILE OF THE Cr/lto/Au 
SYSTEM AFTER m 1000 HOUR ANNEAL AT 300“C FOLLOWING 
THE CrSi, FORMATION 


Figure 6: AES SPUHER PROFILE OF THE Cr/Fto/Au 
^rCrS^^fORMATION FOLLOWING 


PHOTWICROGRAPH of FINE LINE PAHERNING 
OF THE Cr/Mo/Au SYSTEM. THE FINE LINES 
ARE 2 MICRONS IN WIDTH. 







8BFRACT0BX GLASS AND GLASS CBRAMIC TDBB SEALS 


Clifford P. Ballord a:<d Donn L. Stewart 
Sandla National Laboratories 
Albuquerque, New Mexico 87185 


Coaplex vacuun tube envelopaa are required to 
house and support Integrated thamlonlc circuits (ItC) 
during long-tem operetion at elevated teaperatures. 
Ll 20 -Zn 0 -S 102 glass eeraalc and Ca 0 -Al 202 glass seals 

were Investigated becauae they are refractory, 
■oldahle, have relatively high theraal expansion 
eoefflclmts and bond directly to a variety of aetals. 



Msterials and techniques were developed to . 
fahrlcate the silicate glass ceraalc (p500*C ■ lO^Oai 
Tg > 4S0*C) Into a toroidal tube design containing 
64 Pt/Bh feedthroughs. Subasseablles were exposed 
to 600*C for periods In excess of 140 hours with no 
deterioration of vacuua seal Integrity. However, 
lithlua Ion conductivity reduced lead-to-lead 
resistance below 1 negoha at 3S0*C, yielding a 
device unacceptable for ITC applications. 

o 

The calclua alualnace glass (pS00*C > 10 Qa; 

Tg • 900*0 contains no alkali but la aore difficult 
to fabricate into conplex shapes. Special transfer 
■aiding techniques were developed using pre-enaaeled 
netel piece parts. These subasseablles were vacuua 
tight, had a lead-to-lead resistance of 20 aegohaa 
at 600*C and are believed acceptable for ITC 
^plications. 
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PACKAGING TBCHNIQUFS FOR UM-ALTITUDB VENUS BALLOON BEACON 


Thomas J. Bordan and John U. Wlnalom 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 
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This report presents the results to date of a 
apeclflc design project, la which a microwiive 
beacon is regulrad to operate for a llmltud time at 
high temperature ('V'J2S‘C) and at high pressure 
(■^10 bars), in a chemically hostile environment, 
after surviving large mechanical shock forces (up 
to 260 gs). One of Che moat interes'ting results of 
this work is the finding that many existing, 
commerclally-available ccsaponents can be used in 
such a design with only minor modifications. A 
further result of sosie Interest is that a crude 
(and consequently low-cost) testing program can be 
designed to identify and select promising commer- 
cial components. 


Symbols 


COS ceramic-oxide-semlconductor 

DC direct current 

g acceleration of gravity 

BP hydrogen fluoride 

MHz megahertz 

HOS metal-oxlde-semlconductor 

P/P peak to peak 

R-C resistor-capacitor 

RF radio frequency 

V volt 

VBB Venus balloon beacon 


Introduction 


The goals of this low-cost design effort are 
to develop a short-lived microwave beacon which is 
capable of Intermittent operation while suspended 
from a balloon floating in the atmosphere of Venus, 
and to do it within a relatively modest budget 
($160K). It should be made clear from the start 
that we are discussing the beacon developmental 
model, not flight hardware. The flight model has 
not yet bean built and, in view of recent changes 
in the Ven<is mission's scope, nay not be built for 
some time. Still, the design exercise is an inter- 
esting example of what can be done with limited 
funds and with exlr-tlng commercial components, 
modifying them where necessary, and by using also a 
bit of that famous American ingenuity. 

The low-altitude Varus Balloon Beacon (VBB) 
was conceived as one approach to studying the winds 
of Venus. VBB is a small, L-band microwave trans- 
mitter to be suspended from a blgb-pressure French 
ballon, one-meter diameter, filled with water vapor 
as Che flotation gas. The besron is designed to 
transmit a series of 1 microsecond, IZ duty cycle 
pulses which will permit Earth ground stations to 
track the balloon as it gets blown about by various 
Venusian atmospheric disturbances. 

At the proposed 18-lst flight altitude, the 
expected ambient conditious are 32S*C (617*F) and 
10 bars (160 psla), with wind velocities as high as 
20 meters/sec. The aotosphere la primarily carbon 
dioxide, with traces of other gases including HP. 
The forces on the beacon-balloon system during 
entry into the Venusian atmosphere are calculated 
at 280 gs for two minutes. The total time of 


flight of Che balloon will be 240 hra, with the 
transmitter on during 96 fiv <-mlBttee padoda, 
spaced equally during those com Barth daya. 


Discussion 

The VBB elactnmlc system comprisea batteries, 
power supply, RF cavity, cavity modulator, timer 
switch, and antenna (Figure 1). The major problem 
areas are the power supply (1000 VDC needed to fire 
the RF cavity), and Che cavity modulatoi (pulse 
timing accuracy better than 1 part in 10^ required) . 
The power supply was designed to use reed switches 
both as input choppers and output rectifiers. The 
cavity modulator is a xarge hybrid circuit using an 
especially cut crystal as the timing element. Both 
will be discussed in detail shortly, but first a 
word about the easier parts. 



Figure 1. VBB Block Diagram 


Batteries 

Power is supplied by l.S V sodium cells, whose 
electrolyte melts at 'v>280*C and can operate in the 
liquid phase up to 'V'3S0°C. These cells hold a 
charge indefinitely in their solid state and pro- 
duce 20 watc-hr per cell when in the liquid state 
(see Figure 2) . Since these batteries produca no 
power When solid, i.e., below 2S0*C, they become a 
built-in on-switch for the system, thus eliminating 
one set of potential headaches including the moss 
of a main powe- ji 'itch. To get the power needed 
for 8 hours of ' requires four cells. 

These use up half of VBB's 2-kg total mass limit. 


Timer 


A timer was needed to spread the power usage 
out over the 240-hour flight. A iwchanlcal timer 
(either a motor- or solenoid-driven escapement) was 
considered, but these had both mass and power- 
consumption penalties. In view of the high Venus 
ambient tempeiature and other hlghe. temperature 
sources (e.g., the RF cavity operating temperature 
is on the order of 4jO*C), a bimetallic switch 
seemed an attractive solution. Several bimetallic 
switches of suitable time constant were found avail- 
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Figure 2 . Sodium Battery Cell 
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able ronmcrc tally, so this approach was considered 
the primary solution to the timing problem. The 
motor- and sulenold-drlven escapement were relegated 
to back-up status. 

RF Cavity 

The RF cavity used for the development model 
Is a standard aircraft transponder RF cavity, made 
by General Electric Company, modified by the manu- 
facturer tu withstand the 325°C environment. The 
engineering staff of the CE tube division was Inter- 
ested In the project and made us an offer that, 
from both schedule and financial standpoints, we 
could not refuse. In principal the conversion ot 
the standard RF cavity to a high temperature device 
was not too complicated. The major changes centered 
around the materials used to make the cavity and the 
type of soldering/weidlng used In its assembly. The 
tube Itself w.ss already designed to operate we.l 
above 325"C. 

Antenna 

An antenna with the proper radiation pattern 
was found and scaled down to operate in I -band. 

(See Figure 3.) There Is no obvious reason why the 
pattern should cliange at the high temperatures 
expected of this project, but the optimum operating 
frequency will change If dimensions change. Hence, 
a test antenna was built from solid copper for pat- 
tern verification and for f requency-ahlf t evalua- 
tion at L-band frequenclec and high temperatures. 

The test model Is too massive for flight use; but 
given additional time and money, the flight unit 
mass could be reduced greatly, e.g., by designing 
the flukes hollow, by incorporating the ground 
plane into the transmitter box, and by using 
lighter construction materials. 

Antenna Cable 

One problem which we had to solve that was not 
so simple as It at first seemed, was conducting 
the RF signal from the cavity to the antenna. The 
coax cable Industry currently produces high temper- 
ature semirigid coax table that will withstand 
325*C for extended periods. This cable uses 
powered magnesium oxide as the dielectric. Since 
this material is hygroscopic, both ends of the 
cable must be sealed. Unfortunately, no commer- 
cially available hensetlcallv-sealed connectors 


Figure 3. VBB Antenna 

could be found, for any temperature range. Hence 
we decided to do It ourselves. 

It had been noted that the standard type OSH con- 
nectors for 0.141 semirigid cable, used for testing 
some multiplier transistors for a possible 
osclllator/raodulator, were n.ade entirely of metal. 
Since the connector leaves the cable dielectric 
exposed, plugs of some material were needed to 
create seals at both ends of the cable. 

Various types of epexies we'e considered, but 
were found too vulnerable to water. Previous 
experience with hybrid construction suiVjesred usIi.q 
ceramics. After some investigation Hacor, a 
machinable ceramic manufactured by Corning Glass 
Works, was selected and machined Into several 
thick-walled washers. Inner and outer wall sur- 
faces then were coated with low frit gold and 
fired at B50*C to create solderable surfaces. 

These surfaces next will be coated with a gold 
germanium solder, the washer placed in the end of 
the cable, and the cable end heated above 360‘C to 
complete the solder Joint. Post-soldering helium 
leak tests will be performed to assure that no 
detectable leaks larger than 10"® cc/sec are pre- 
sent. Given that no surprises develop from solder- 
ing plug and connector simultaneously, this problem 
Is solved. 

Power Supply 

Figure 4 Is a schematic of the power supply- 
chopper-rectifler-drlver circuit. The principal 
component of the circuit, the transfonrer, proved 
to be the simplesi to find. In the literature 
study at the beginning of the work, a reliable sup- 
plier of high temperature transformers (General 
Magnetics) was located. The test trensformers pro- 
cured from this source have functioned without 
problems In all testing performed to date. 

The tougher problem has been posed by the 
rhopper/rectlf ler requlresierits. When first con- 
sidered, It was though' that the only practical 
solution tu this pioblem lay In the reed switch 
approach. Since the reed swl.'ches were large .'nd 
relatively heavy, we were motlvs.ed to look for 
other poBBlbllltles. 
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Figure A. Schematic Circuitry 


One of these leJ us to test some very small 
(TO-5 can) relays to get an idea of their useful 
life and voltage-switching capability. When 
run as self drivers at room temperature and 
9 volts, these relays ran for 23 da”s at ‘'•350 Hz 
with no apparent degradation. At about 700 V, 
however, the contacts were burnt at a few micro- 
amps. Since they worked so well at their rated 
winding voltage of 9 volt.i, it was felt that the; 
might suit the low-voltage side of the chopper/ 
rectifier circuitry. 


NOTE: Q, - Qj CD4009D 

♦ 6V ON PIN I AND 16 
GND ON PIN 8 


Figure 5. Solid State Chopper 


Accordingly, one of these devices was dis- 
sected and examined to determine what modifications 
they would need to survive at 325*C . These modifi- 
cations, which consisted mostly of substituting 
high temperature wire insulation and struct ral 
components for their existing counterparts, would 
have required procedural changes during manufac- 
ture, rather than post-assembly retrofits. The 
changes were modest enough to be quite feasible for 
typical development projects, but were not feasible 
within the time and cost limits available for VBB. 
Consequently, we feel that this approach is worth 
stating for consideration in future high-temperature 
projects, even though we could not use it in our 
case. 


Another approach explored was based on the use 
of semiconductor devices as low-voltage switches. 
The chief advantage of such an approach would be a 
significant simplification of the chopper/rec tif ier 
synchronization problem. 


VB.A Test Converter Unit 


Preliminary tests indicated that the Harris 
CD A009D Ceramic Pack COS/MOS inverter and the 
IRF 351 HEXFET power transistor would function at 
temperatures above 250“C. A DC/DC converter was 
designed, using the CD A009D as the oscillator and 
driver of a pair of the 351 *s (see Figure 5). 


The approach finally selected for VBB uses 
reed switches supplied by Gordos Corporation. 

These high-voltage switches are packaged with 
driver coils similar to one of their standard 
lines. The contact bounce on these switches was 
markedly less severe than some others tested, and 
are capable of switching the 1 kV secondary without 
difficulty. 


For the cenverter tests, the 1 kV secondary 
was rectified by off-the-shelf diodes (not shown in 
Figure S) . These diodes functioned satisfactorily 
up to about 200°C, at which point they were removed 
from the oven and operated at room temperature for 
the higher temperature part of the tests. 


ke found in our testing that Improper synchro- 
nization can result in destruction of the switches, 
but that if a very precise R-C circuit is employed 
contact burnout on the I kV side of the circuitry 
can be avoided. We have found also that type C 
switches (l.e., SPOT, see Figure A) can be used on 
Che low-voltage side and in Che driver circuit, but 
the standard type A (i.e., SPST) switches are 
required in the Sfcudary side to survive the 1 kV. 


The test converter (see Figure 6) functioned 
for 50 hours at 250*C. Efficiency dropped from 93Z 
at room temperature (20"C) to 731 at 250°C. In 
view of Che limitations on power available in the 
VBB mission, this approach was rejected. For cases 
not so limited, however, this approach should be 
quite useful. 
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Hybrid Modulator 


Earrh station tracking of VBB requires the 
timing accuracy of the transmitted pulses to be at 
least as good as 1 pert in 10^. This requirement 
precluded Che self-blocking mode of tube operation, 
and imposed a need for some sort of modulator. A 
high-temperature test program at JPL several years 
ago had established chat properly cut crystals were 
capable of maintaining the required accuracy. 

Three crystals (3 MHz. 5 MHz, and 10 MHz, respec- 
tively) cut for minimum drift at 325“C, have been 
acquired from a commercial supplier. As of this 
writing, these crystals ace being tested at temper- 
ature CO verify turnover points and drifts. 

The crystal control circuit designed as a 
result of the above considerations is shown in Fig- 
ure 7. A breadboard model of this circuit, shown 
in Figure 8, was fabricated from materials known to 
function satisfactorily at high temperatures. The 
principal testing goal was to evaluate the 2113911 
dual JFET's operations and to determine what would 
be required Co keep it operating satisfactorily at 
high temperature. 


■tv 



Figure 7. Crystal Control Circuit 


Testing showed that a tuned circuit feeding 
Q1 (as shown in Figure 7) was required for satis- 
factory operation. The results of operating the 
test circuit at 280°C for 100+ hours, which pro- 
duced no failures, are shown in Figure 9. It will 
be noted from these data that increasing the tem- 
perature reduces Che output amplitude. If Che rate 
at which the output drops remains fixed, a second 
tuned circuit, feeding Q2, will have to be added to 
achieve satisfactory performance at 325”C. This 
presents no obvious problem.*). 



Figure 8. Breadboard Model 


AAttlENT 



•^ 280 'C 


I.6V P/P 


Figure 9. Output Wave Forms 

temperature solder, for example, melted at the test 
temperature, but remained in puddles around Che 
component leads and performed '•i.s electrical func- 
tions satisfactorily. 

As of this writing, z refined test circuit has 
been laid out on a 2 in x 2 1/2 in, 962 alumina 
core substrate. Thanks to extensive testing ui 
hybrid inks for high temperature service conducted 
previously by Sandia Laboratories, a satisfactory 
ink (Du Pont 9910) was found easily. Gold- 
germanium solder has been chosen for connecting 
discrete component leads to substrate inks. The 
high temperature epoxies and/or potting compounds 
for bonding the discretes Co Che substrate have 
not yet been chosen. 

The refined test will be conducted using all 
discrete components. For later tests ard flight 
hardware, 2N3911 and 2N3821 dies have been ordered, 
along with chip resistors rated for 323°C operation. 
It is anticipated that the complete circuit will 
fit on a much smaller substrate. 

Conclusions 



It should be noted in passing that it was nor 
absolutely nece.ssary for all materials in the test 
circuit to be h Igh-Cemperature substances. Low 


The principal conclusion to be drawn from the 
work reported here is chat many ordinary components, 
designed for operatlo.i under Earth-normal condl- 
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tlons. may be used in extreme environments -> 
either "as la." or with minor-to-moderate changes 
In their construction. A catalog of such extend- 
abllltlas was started by previous researchers, and 
has been augmmted by the present work. 

In addition, a great deal of useful extend- 
ahlllty Irifomatlon pertinent to a particular pro- 
ject may be gained at relatively low cost, by 
employing "rough and dirty" teat procedures, 
custom-designed to fit the neada of that project. 
In our case, even though the development model has 
not yet been tested as a complete system, the 
prospects for a positive, wlthin-budget outcome of 
the May-dune time-frame development-system tests 
(schedule dependent upon receipt of the final- 


design cavity, reed switches, etc.), appear quite 
bright. At that time, our principal problem will ~ 
become meeting the 2-kg mass limit. Given the 
results to date. It appears that the only section 
requiring extensive redesign here will be thi 
antenna^ and this does not appear to pose any 
significant problems. 
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Hia noBUDU ULjOj) dodlaxioi tm uor wsicbi oomcnas 

by 

Henry Walker, Director of Beaearch, Fenaluater, Inc., Burbank, California 


WMMD 

The search hy the electronic induatry for conponenta 
that are light weight, nore compact, are capable of operat- 
ing in very high temperature and all environmental condi- 
tiona ia now proving rewarding. 

The properties of such a flexible, transparent, thin 
film of aluminum oxide insulated wire or atrip (with a 
melting point of 20SO°C.) is unique for applications in the 
electronic, missile, atomic reactor, aerospace, and aircraft 
industries. The oxide film is highly flexible, suitable for 
all windings of any size and shape of coil (magnetic). 
Briefly touched upon are the ultraviolet, proton gamma ra- 
diation uses, as well as high vacuum and cryogenic applica- 
tiors. 

Since the film is inorganic and chemically inert, it 
does not age or deteriorate in storage and has good 
dielectric properties (1000 volts per mil). In brief, 
components designed around this unique material will keep 
abreast of present day and future technology. 

Designers of electro-magnetic components can now 
achieve higher ratings per unit of weight and a reduction in 
size. With proper design, less insulation will be required 
and the dielectric losses are reduced. 

The use of an aluminum conductor (round or rectangular 
wire or strips) will save 30Z in weight, which is a distinct 
improvement in commercial applications such as linear 
motors, medical instruments, etc., where lower mass will 
result in lower inertia. Rotary equipment with low mass 
simplifies dynamic balancing. As vibration from dynamic 
imbalance is reduced, greater sensitivity and improved high 
frequency response in moving coil applications results from 
this lower mass. In all. it is a dream come true for moat 
engineers. 

mnorocTicB 

Compared to copper, aluminum with BI 2 OJ insulation 
operates cooler and will not oxidize. When operating temp- 
eratures of above 10C° C., copper will form an invisible 
film of cuprous oxide; above 200° C. cuprous and cupric 
oxide are formed readily on the surface, thus reducing the 
conductance as ultisutely severe corrosion occurs and even- 
tually the conductor is rendered useless. Even nickel 
coated copper is subject to a galvanic action of the two 
metals. In a high temperature operation, migration of atoms 
is created. 

Perforaiance of electrical components in high tempera- 
ture is seriously handicapped due to the lack of suitable 
insulating materials as the components are subjected to 
severe physical stresses in environmental conditions. When 
failure occurs in organic insulation, the failure remains 
permanent owing to the electrically conductive carbon paths 


that are formed throughout the insulation as well as other 
endangering problems, such as lack of adhesion, oxidation, 
evaporation, aixl aging. 

Aging is accompanied hy weight loss in organic material 
where shrinkage results in the resin portion causing it to 
lose its bond in the slot cells, thus creating failure. 
Variation of temperature or rotating spet»l causes mechanical 
abuses of the insulation. Thermal degene.-ation is faster 
close to the current-carrying conductors woere the tempera- 
ture is at a isaxiaum; Therefore, the fexlure is induced at 
the hottest spot of the winding. 

Aluminum conductor and AI 2 OJ insulation, which is cer- 
amic in nature, is free of galvanic action or oxidation. In 
case of a breakdown, the insulation does not create tracking 
of a permanent conductive path throughout the insulation. 
In fact, oxide from the air creates a new insulated oxide 
and could repair itself. Therefore, it is a good reason to 
consider the relation between operating temperature and 
insulation life. A component made with high temperture 
insulated material will be more rt liable and will protect 
itself and its payload from instant heat and pressure. 

OCBDCTOIS 

For several decades aluminum has been successfully em- 
ployed in the electrical engineering field and in various 
other applications such as in transformers, generators, 
etc., using bulky interleaving materials such as paper, 
plastics, or Isquer as insulation — far from satisfactory. 

TABLE I — Thcnnal and electrical conductivities ol 
aluminum and copper. 

"CLinvt coeOwCTiviTiei 

•v wwm« (•* VlWBB'XsrB) 



Aluminum for electric conductors has a resistance of 
about 34.3 ohms/mm^, which is equal to approximately 62Z 01 
the conductivity of electrclytic copper. The specific 
weight is 2.7 gm/cm^, or about 30Z of that of copper. This 
means Chat an aluminum conductor of equal conductivity 
weighs only 30Z of that of a comparable copper conductor. 
In niany cases, depending upon design, the conductive weight 
can be further reduced depending on the dielectric loss, as 
aluminum operates cooler, and dissipates heat nore rapidly. 

Copper clad aluminum wire is re-inforceJ with EC grade 
aluminum conductor of an improved design developed to give 
electric power new versatility in construction. In addition 
to Che contribution of its high strength to the conductor, 
it adds to the total conductivity of the conjuctor, so that 
it performs a dual function of strength and conductance. Of 
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Copper clod t lwiro Itndt icttlf to thopiin, fOtaint* 
and drawing. Vim it prodneod froo UtOS* diaaator tad 
znetangnUr wizw itom Ml" and it wozy anittbln for winding 
fiat, taall coilt. lotgtr wiro it tnitablt for litfcwoi^ 
cablea. 


Hw adaptation of tlwinw wire or foil and/or copper 
clad t lnwi n n n conductor it a atop to attain in ptoted operar 
tion and reliability throng better balance in conpontnte 
with th n rf ollowing zetolta; 

1) Ihia aaterial cm be operated at a greater tpeed than 
copper wire uting lata powtr in notable coilt. 

2) *&■" hat been redteed to that a deciUe ntttiirtntnt of 
aonnd lettla in atationary coilt hat bean redneed . 

3) load capacity of giwen ratinga bawe been effectively 
incraoaed. 

4) Core looaet bate bean decretaed and efficiency increaaed. 

5) Operating tanioririiroa are fron -VOP F. to 1000” plna F. 



Coaporiaoa of tbemal and electrical 
conductivitita of copper and tlwninnn at 
vnriooa tanparaturea. 


■oto tba iaccaaaiag denand in the eloctronie indnatry 
for wire or atrip to be lifter in weight— olnott weight- 


lata— and an inanlotion to thini-^laott t|tot1ttt—tbtf 
flboidd witbatand lOM^ t. or higher t a nptrt t nztt , tad anz> 
vivo alnoot tty anvizotoftl oonditiona. 

ddditional^, then it on inezoaaiag denaod tbit it bat 

a) Sttffieiantty floniblo. to allow wiadiag in aagr fdrn, 

niaiatnzo coila and o^ovinding of raottagnlar 
wire wound under great atzota. 

b) Snffieiantly thidt, to iaanzo good io tw i a rlo n tnd 
abzaaion zeaiotanon, aa well at Waznal abodt zaaiatanoa, 
etc. 


Femaltttter, Inc., hat pioatarod in thin taebnieal 
advoncantnt after yean of l e a e aiTh and hta Obtaiaad andi an 
iMwgprfg, flexible inanlated filn that ia pz e dKtd contin- 
noot^ on wize and atrip aluninan. 

Ilin onido filn ia focnod by on ela c to-c h tnical nathod 
whidi ia a conreraioo procoaa for thiebanihg the aatnzally 
ocenziag filn oavetal hundred tinea or noza. lUa nat h o d ia 
haown at Itnadining." Femalnater'a patontod procoaa ia 
ainilar to onodiaing eacept: 

1) It ia perforned with hid> apaed (Jnatifying coot). 

2) It elininatea nechtnical contact to avoid zndting 

apota. 

3) It ia controlled to oMninata craaiag when bent. 

Owing to the atrict control nathoda enplnyed in the 
proceoaing, the oxide coating maj be f o rn ad honogonnsiy ia 
varying thichneflaea tnd pn-ntroctwao. Ihe r ert atan c e ci 
the forned alunina filn it abo«tt 1800 obna per cn . 

the narhnnian of the anodic filn fornacian tnd the fine 
a truc t n n of the filn ore not fully la ider a tnod, but iaforntr 
tion ia derivad fron tba available avidtnee tint under the 
influence of tin elctro^rte and tin ntchaniral oolvaat ac- 
tion, a1un<nnn iona atigzate fzen tba natal au rftce tinum^ 
tin barrier layer to tin o^r&tn rich upper portion of tin 
filn whaze tin iona react wiW i in alnninnn cnide to fozn tn 
tnbydrou t ei— 4— - Ihe oxida Iqrer famed difftra in tint- 
actor fton tin note poroua outtr layer. Bn alunin a hta an 
elactroatatic ebarga and can friOctiM to abaorb ocher inor- 
ganic or organic natarial. 




Thia atop ia tin creation of ainninun oxide inanlamd 
filn it on aitranranant ia the technology of pcoceaaiag for 
appljcaticna in alacto-nagnatir coila. Thinnar inaularien 
with high dielectric otrength, lower d ielactr ic l oa a ae, and 
note conpact conponente are Che reanltt. The inorganic 
inanlated filn wiA ita advantagaoua dielectric propertiaa 
will withatond: 


1} Higher Cenperature (to the nelting point of the 
cooduttor)* 

2) li n gua, coruna and wnfinanta 

3) Bnrnal er ttoraga aging 

4) OxiWtinn 

5) ladiation 

6) Gorona 

7) Tharwl ahotii 

8) High frequanciet 
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9) Ciyof’aiea (lifiiU iUM*) 
la additioa, it %iiU aot wttgM in bi^ vaeiM. 


1) IcMMom 

Hm poRMi (ila of aa 
(todoeod on t^am and 
high purity aaCarial oith- 
oot 4^ is f|*y* lT* 

lasTsly 30 to 40 volts psr 
aicron (0.00004*). Tha 
aatorial eonpoaitioa af> 
facta tha hraakdom voltage 
which ittccaaaaa with tha 
incraaaiag purity of tha 
natal. Tha filn ia hono- 
gonooaa. unifomly thick 
without ccadw, ccntrollad 
to any thicknaaa. Tha di- 
aloctr^c atxongth varioa naar 
thicknaaa aa par Figure X 



cien (0.00004”). 

ly in a linaar faahioe with tha 


2) Kaaiativity: The ceaiatiwity of tha aluninan osida 
varioa with tenporatnre and humidity. Vhen tha film is 
unaaalad. it ^ vary 7 x loi^ to 3 x 10^ ohma/cn. Ondar 



conditions in a dry ataosphara. rasiativity of 5 x 
ahms/cn. was obtained at 20^ C. after charging for 60- 


80 seconds. 


TABLE W Pwpirtlss of thin fitai AlA lai ulU l Q n . 



3) Dialactric Constant: The dielectric c ons t a nt (per- 
mittivity) of kljOj filn lies letweett 8.3 and 9.5 when 
measored in dry air at one megsherts. Siailarlyt loss 
factor (tan delta) is OJS004 tr<«r lilie conditions. 


1) Hardness: The film is cersmic ia nature and will 
resist surface scratches and abrasion. The degree of hard- 
ness depends on the porosity and tha depth of the oxide 
Iqrer. teats wade on nomeroos samples of varying degrees of 
porosity by means of scratching the surface with a needle 
having a constant load of 130 grams showed that breakthrough 
was achieved in the most poroos sample after 16 strokes and 
the least porous sample after 48 strokes. 

2) Flaxihility: The film is highly flexible, unlike 
other forms of ceramic insulation, and retains the inherent 
qualities as long as the metallic haee material is not 
subjected to undue strains. If tha base materiel is over 
stretchad or sharply bent, it exhibita cracking, vbn aeps:- 
ation of tha film may occur. A hard tamper m» .^< •.'ill not 
allow small diameter baling. In bare aute, su'th wiro will 
over stretch on the upper part of tha bend, and the surface 


will bo diatortad at Oa lower band. Owing to tta firm boBd 
betwean the alumiBum subatrate and tha ianecmoat laytr of 
aluminum oxide, tha inanlarod conductor can bo mnda flai^ 
iblo, provided also that tha tamper of tha conductor is andi 
that it eihibits a good dagraa of ductility. Buttiln wire 
and strip were wound around a mandrel hawing dimetsr four 
times tte thickness of the condnctor without finking or 
cracking o( the iiiwilafion. 

3) fatiguo: Testa have indicated that there ia no 
lOM due to the anodic film, even with a film thtcfc- 

neas nore than fiftaan microns. This ia owing to dm flm^ 
Utility of tha filn; thare ia no stress concentration 
between the metal and the film. 

4) Strength: Thnaila atrength and elangaticn are not 
altdked bT the anodic film. With very thin material, al- 
lowance should be made for tha thidrneaa of the metal that 
is converted to oxide. There ia no redaction in fatigue 
strength even at relatively Udi etressaa. Tha alumina filn 
has aiptificant strength whan detacbad.feum the metal. 

5) Gocona: As insulation is wipoaad to hi^ voltaga, 
the critical voltage is reached when visible or audible 
diadmrge occurs. This is the coro na start voltage (CSV), 
and it is here that the ambient air becomes ionined and 
permits free flow of onrient. Moat insulaticna arposad to 
this corona effect suffer erosion. It ia also attacked by 
osone produced from the oxygen of the atmosphere. Such 
chsmirsi erosion within the body ui the insulation ia con- 
centrated and results in a serious dagradstion of tha quali- 
ty of the insulation and canaes premstnxe failure of dm 
system. 

6) Hi^ Temperature: Heat is a very importaat factor 
in the use of a barrier type electrolyte, as it thichen a tha 
barrier layer for higher dielectric strength. Heating 
changes the electricsl lesistanee and swdifies dm physical 
Constance of the film; therefore, tha pre-aaodinad ainminnm 
heated vp to 1000** P. le ad s to an increase in resistance and 
an apparent thickening of the barrier layers It also iar- 
fluanees the flexibility of the film. )t will not blister 
or peel, slthond> the thermal expansion of t)m film and dm 
conductor is* different. 

Since the ainminnm oxide melts at 3722^ P. (2030** Gj, 
the temperature maximum at which Fermalnstar ins u l a ted conr 
doctor may be safely amployed is di ct a ted by the melting 
point of the metallic conductor, which for alum'nna is 1218^ 
F. (659** ( 1 ). The ineulaticn propartias of tha oxide film 
improves as the teapencura in cr eea es as the noiatnre factor 
is eliminsted. It holds it* dielectric propartias whether it 
is operated at 30^ C., 300* C., or -400* T. (cryogenic), 
thus ncUing it auiteble for Clasaas E and C insulation aa 
well a* exceeding Mil-^c. for high temperature applica- 
tiou. 

It it ioeenaitive to thermal shock. The insulated 
conductor cai svfely carry short term overload currents 
vhil ' in ^ uch ambient taaperature and can be subjected to 
sndd. .1 ch*«);se of temperature having a wide diffarantial 
w'thout deterioratioR. 


Thermal conductivity of tha Al^ is relatively close 
to the aluminum couduct or as the file: Is winota. It has tha 
ability to radiata bast rspiuly in high taaperature. A 
snail coil with less weight and with high thscnal conduct- 
ivity will facilitate tha transmission of hast. 1b achieve 
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taA % petfamaM. tba toont win hu baw taplacad with 
flat wiM or alwii— tail whaca all woids in tha windiapa 
aca fiUad. 



hnwaalwil K aluwinuw wire, Pemaluatar 
aaodically paocaaaad of alnwianw oaida 
Fila thicknata 8 wicnoa (.0003") 


7) 8 adiatioa; laoctaaic Aljl^ fila haa iu iaitial coo- 
ductirit; at saro doaa rata of 10 ~^ (o!iaa/ca)~^, tha con- 
ductiwity incraaaaa at tha aaaa aagaitude the doaa rata 
iacxaaaaai thua the doaa rata of 10 ^ roentgana/aac., the 
coodnctivity will hare iacreaaad to 10 ~^ (ohas/ca)~^. Hheo 
aatariala are aobjactad to a abort doratioo aat tr ew a intenai- 
ty gasaa polaa aa encotatarad in nuclear asploaiona (where 
tha intanaity way roach to wore than 10 ^ roantgaoa/aec. in a 
fraction of a ■icroa ac ond) the reaiatance of aoat organic 
inanlatinna diwiniahaa in valiiei while the inorganica in> 


eluding AljC^ will recover rapidly after 10 to 100 nicro^ 


AI 2 O 3 ia aucceaafally 
applied in a radiation 
environwent. k typical 
reaction anwironnant of 8 
a 10 ^^ av/cn^/aec. for 
neutroea and 6 x 10 ^^ 1 


aMv/cn^/aec. for {anna 
radiation, where the 
equivalent abaorbed doaa 
for each ia approxiaately 
equal to 1 x 10 ^ rada, 
haa ahown no deletarioua 
effecta. 



Fig. 2 — Alumina (A1,0,) condudMty 
at mriouc tamperaturaa in gamma 
radiation. 


In a report by Idaho Nuclear Radiation and Argonne 
National Laboratoriea waa deacribed the deaign of an Aiuuilar 
Linear Induction Fttaip for the Mark 11 Loop, placing the neat 
atringent nquiraaenta on the aodiua ponp* The four-pole 



veraioa of the puap uaad 24 eoila, and the fine-pole wereieo 
ueed 30 field eoile. The field eoile ware deigned to 
eonaiat of flat rihhoe woMd panraha type eoile of folly 
aiiodiaed K aluwiiWi the AljC| inewleted ccnductor waa 
wound without iaterleeviag and wee toceeaafully ope r a t ed aa 
the prinary of a 60 herte, one phaae, 230 volte iC at^down 
tranOfonter at 423* C. for over 300 houra without nalfonc- 
tion or failure 0Oir-7369-drgoene National I aheratory), n 
D8VIL0PMBHI OF PlMfS FOR 088 IN F48T-R84CT0R-84fIR IN- 
1BGR4L-L0aP BIPBrnOHIR by L. 8 . Ihibinaon and R. IL Carlaon. 

8 ) Low Xaavecatnre: dluniiani with axUk film excela in 
anper cold enviroiiinenta: it ia ineenaitive to ehrupt 
changea at low tenpereturea, renaine tough, ductile and 
atrong. The high thermal conductivity of aluminum (the 
ability to txmiafer heat rapidly) nakea it eapecielly ef- 
fective in hi^ energy abaorption. 
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Tenperature in degreea Relvin 
Under preaaure in liquid hydrogen 

At aub-iero tempernturea the tear reaintanee ia aa high 
or higher than that at toon tenperature. Aluninun haa been 
used to atabilixe auper-ccndocting aagnata and reacta only 
alightly in increaaea in nagnetic field in reaiativity or 
about SRC. In a typical roon tenperature, under aero 
atreaa, aero field reaia.ivity of hi^ purity aluninun ia at 
2.33 * 10~^ ohn/cm. Pure aluminum, mridiaed with low attain 
waa found to here low reaiativity even ia a high magnetic 
field. In cryogenic applicationa at -430* F. in a magnetic 
field, auch naterial operated eanily at 120,000 gauaa. The 
leaa attained aluminun retained ita propertiea in high mag- 
netic field. Ita nagno-reaiatance eidiibited a predominately 
aaturating behavior. 


9) Frequency: Specific reaiatance of anhydroua and 
partially hydrated alumina ia very high. The anodic fila ia 
approximately 3MQ/ca^ per 1.3 x 10~^ cm fila. There ia no 
significant change over a ride fraquancy range. At frequeir 
cies above lKHs/3 R, it is nearly constant. At 23Q/cm^ 
changea will appear with varied fila thicknesaes. At fre- 
quencies below 10 IHa/ 8 , capacitance is nearly cenatant at 
0-99u F/cm . Figure abowa some indication of fair repreaa^ 
tatiji of the impedance co mp onen t of Fnmaluater tested base 
AI 2 O 3 snaulated naterial at room temperature. 


Different values and properties can be obtained if tha 
pores are sealed or impregnated. 


The impedance obtained in high frequency gives a more 
uniform reaponae, aa the mass of a moving aystam limits high 
frequency response of acoustic tranaducers. 

By reducing the weight of the aaar by more than 30X, 
frequency can be increased. The wore dense the aeterial, 
the faster the sound waves travel. For a given frequency, 
mass of the nagnetic coil exhibits a major portion for tha 
length of the wave to cycle. Lightweight aluminum rectangn- 


Flg. 3. Amulsf Uncst Induction Pump fot Mark 11 
Integral Sodium TREAT Loop 
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lar win, adfi wonod, with thin Alj(^ inwilntlon, inprond 
tha dMlffi objnetin in obtaining tha naainan power output 
par pound of wai^ and candanaad unit for nowing t r a w ad ucar 
coil and wamguidaa. 



Frequanqr dapaadenca of 
balancing earioa (a) 
raaiatance (b) capa- 
citance for annaalad 
aluainun oxide - riln 
tbickaeaa x 10~^ ca. 


Steady etate low frequency voltage would be diatributed 
acroee a abeet winding in direct proportion to the turn 
iapedance giving an eaaentially linear distribution of auch 
voltage acroaa the tuna. 


bean auccaaafully aubjaetad to vibntion taata both at roan 
taaperaturaa and alavatad taaparaturaa. P nd a r 24 G vibcar 
tio^ applied at varioua fnquaaciaa batwaan SO epa and SOOO 
cpa for one hour along aacb axia, no fhanga in raaiatiwity 
and only a ali^ change in induct anra waa tacordad. During 
the teat tba currant flowing through the coil incraaaaa to 
raiao tba tanparatura to ita Uniting value and then raducaa 
again. 

11) High Vacuun: Aluniiwn oxide inaiilatien nay ba need 
effectively in high vacuum. Tba film abowad no affecta 
under praaaure balow 10~^^ Torr at 500* C. Other taata 
indicated that whan 4 I 2 O} waa impregnated with carbon-free 
ailicona, there waa no evidanea of any hydrocarbon raaiduo 
whan operated above 400* C in extremely low praaaure. 

22) Daaign Cone idarat ion: Aluminum alao baa a high 
heat capacity with high capacitance for evon voltage diatri- 
bution. Aluminum atrip or rectangular wire winding p er m it a 
higher current denaity, due to each turn having lateral 
radiating edgea ei^oaed to tbs cooling nadium, thus provid- 
ing effective beat dieaipatioo. Ibis pe r m it a conaiderable 
-d««ige latitude in either reducing the crooa section of the 
aluminum used or «"«•»•— »"g the currant rating for equiva- 
lent beat rise. Layer-to-layer temperatures are nearly 
uniform; hot spots inherent in conventional windings are 
virtually eliminated. The use of a thin high temperature 
dielectric film on flat material will require 1) less volt- 
age, 2) minimal amount of inaulation, 3) minimal amomt of 
thermal insulation. It renders greater volume in equal 
space and affords greater a»chanical strength. 


The capacitance and inductance between adjacent or 
physically close turns and the capacitance to i^round are 
uniform throughout a continuous sheet coil. Coils wound 
from AI 2 OJ thin inanlated atrip have no interlayer capaci- 
tance, ^ only inCertum capacitance; total capacitance of 
the coil is thua reduced. 



Waveguide wound, fo*; transmission of 
signals, using coil made of anodised 
aluminum rectangu'.ar wire, edge wound. 

Such coils are fas', moving, lightweight, 
suitable for ac.uatora, voice coils, 
servo ayatems, a'mkera, etc. 

10) Vibration: in adge wound flat wire coil produced a 
flux density of ^8 kilogauaa in an air gap (using 3 lbs. of 
Alnico S - 7 lagnetic core) to provide a 6 lb. force for 
displacement sod arceleration as shown in whart. The im- 
proved movins voir.e coil unit baa an efficiency of SOZ in 
the frequency r/.nge from 400 - 10,000 Ha. in a maximum 
acoustic output uf 20 watts with a high degree of reliabili- 
ty. Of eourse, higher frequency is no problem. The film is 
extremely tough and exhibits little deterioration under 
extensive nedMnical vibration for extended periods of time. 
Coils wound with thin film insulatad aluminum conductor have 


Consideration is given to life expectancy, reliability 
and normal stresses in performance. It is important to 
choose a dielectric with thermal stability when the rate of 
heat generation at some point will exceed the ability of the 
material to disaipste it. Heat is generated by conduction 
current flow, principally ionic or by bysteresis under al- 
ternating stress. The heat generation rate is an increasing 
function of temperature in tha electric field. 4n insula- 
tion with thermal stability should not be the limiting 
factor as it is the most important part of the component. 

13) The Oxide Film Structure: The 4l20j insulated film 
can be varied in processing to meet different requirements. 
Penmluster produces such film thar is flexible to allow 
winding in any fom, including miniature coils and edge 
winding of rectangular wire under great stress. A film 
thickness sufficiently thick to insure good insulation and 
abrasion resistance can be produced. 

Owing to the porosity of the oxide surface, the film 
exhibits hydroscopic properties, and ita reaiativity changes 
with reUtive humidity at well as with temperatures ranging 
from Mr Ofam/cm to 10^^ Ohai/cm. If relative humidity is a 
factor, additional inorganics or organics can be impregnated 
into the pores of the film. 



Structure of pores on 
anodic poroua fig. 
type film. Fore va- 
ries with operating 
conditions . 
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14) laprcgutad Fill*: InorMaic CMtlngt hm tte 
•dvantag* of iMittaaeo to wBri r cooontol' coodlticoo, with oo 
dogrilotiow bgr oipomro to ladiatioo. Al 2 (^ produeod aiiod- 
ieolly it to iottrgttl p«tt of tht conductor. Tha inaot 
lagror of tht oiide fil* it nlttivtly coaptct nd tniqrdroutt 
tad on tht turftct it hichly thtorb^ and toady to tbtorb 
tithor dittoWod tobttanctt or aoltculot in ttato of col- 
loidal ditptrtion. It it axiomatic that abtorbing ia a 
function of tbo pocoaity of tht outar Iqrtr of tht film. It 
ia pcohablo tha oiqr~ typ o aniona art a part of tht potot that 
art capable of hydroge n bonding. 

Iht conductivity of tht outar laf*t providea thn mt t ne 
of traaaporting anient taydtaqrl iona froa aolvanta or water 
toward the condented layer, and hydro gen iona are eatily 
bonded or fated with other cubatoncet. The tranaiation 
frequency of pcotona in a hydrogen bond baa bam found to be 
on of the order of infrared frequanciet ( 10 ^ to 10 ^^ per 
tecond). On thia baa in, the proton nobility in hydrogen 
bonded atructurea dif fare from the electron nobility in 
natal itaelf by only 1 or 2 ordera in nagnitude. The pore 
dianeter of the aurface of tha filn ia in the order of 10.S0 
nillinater nicrona, or thair denaity ia betwom 100 to gOO 
porea per aquare nicron, auffieient to abaorb other nater- 
iala. In tone areaa of applieationa, poroua aurface could 
have value, tinea it ia ehenically active aurface. It acta 
aa a good agent for nechmical bonding; other advantagea 
include ita retention of photo-litho enulaiona, end it 
lervea aa a bate for electroplating, printed circuitry and 
painting. 

Porea can be inpregoated with varioua nateriala, 
organica to inhibit water abaorption, orgauo- c e ra nica for 
uae in high tenperaturea. Ihn Georgia Inatitute of lOcbno' 
logy (HADC Tech. Beporc S8-13) amled the filn with Colloid- 
al Silica in m electrophoieaia depoaition, alao with a true 
liquid of ceranica that wet the inaide porea by gelling a 
hydroliaed aolution of ethyl ailicate to tha particlea of 
ailica were trapped in the porea of the coating. 

Actually, the barrier layer of the oxide ia aufficient- 
ly protective for organo-ceranic filling of tha porea. There 
ia no danger that a carbon conductive path will paaa the 
barrier layer in high tenperature operation, in fact, evm 
the organic naterial will operate at twice the tenperature 
without effect. 

15) Inpregnation Hitb Inorganic Material: The anodic 

poroua baae coating with a barrier layer ia a refractory, 
flexible filn and cm abaorb or ami other organic and inor- 
ganic filn with or without an organic vehicle. Another 
anodic or eletropboiotic proceaa cm be applied for foming 
another conpoai.ee filn that ia obaorbed into the porea of 
the anodic baoe inoulated layer. Barrier type electrolytm 
cm be noed. Teata perfomed ahowad that higher dielectric 
atrengtb and flexibility were obtained after vacuun onnml- 
ing at ASO** to SOO" C. 

Oxide porea cm be "amled” with Tetrmthyl orthoaili- 
cate, which ia a refractory binder, a gelling agent for 
inpregna t im of poroua naterial and ia highly hmt reaia- 
tant. A hydroliaed ailicate gel hmtad to ailica beconm a 
hard, vitracNia type naterial; a pure ailica agent 

which hm thn odvratoge of being inmlnble in water. It ia 
ix^Mvioua to noet acid and ia excellent in high tenpera- 
tuxea. Hydrolixation, uaing etlqrl ailicate aolution, cm be 
acco^liahed, oa it penetratea conpletely into the poroua 

^ * conplete hardneaa after hmting. 


A water mlurion of poreelain enaael or coahiaatiann of 
inergnaic fritr with or without rmin cnnbinatioo, cm he 
applied tv create a atrong bond with thn oxide baae. A 
atnng intenolecular bond ie rmponaible for the inartnma 
of the bam coating. 

16) Organic Inpregnation: A ailiconrmqrgen network 
interaperaed with organic groupa cm be etabiliand to a 
valuable filn in cmjunctim with aluninua oxide. The ml- 
vent of tha ailiem nixture will oxidim and vaporim with 
other acgnaic ca n p en mt a, while the inorganic ailica natrix 
raaaim (cromlin^ organopolyailoxana) ora nlaoat unaurpaa- 
cad far hmt reciatence. Vith aluninua oxide, the atmetun 
cm w ith a tand over 1400** F. without deterioration. A nunbm 
of m od ifie d ailiem rmina have bom uaed, auch m ailiem 
ellqrda, or nod'fiu.>tiaaa with ocrylica, epoxim or phanolica 
with a ailiem content of about 2SX. Such different varie- 
tiea of reain conbinationa cm be foraulated either by 
blending or co-polyneriaatim to obtain hmt xmiatance up 
to 1000° F. Such conbinationa are excellmt in themal 
ahock tmiataace. Smin cm be applied in pure form or cm 
be combined with other reainoua naterial. A nixture of 
rmina put together to develop auitable propertim that are 
cmpatible with the bam AI 2 OI 3 cm be achieved. 



Beat aging of poly-(anide-inide) odbrnive 
on oluninun and anodixed aluninun. 

The choice of reain to be impregnated into the poem 
dependa upon the application. The choice of m orgmic 
binder ia node where little or no carbm xmidue remain, 
though it will hove no effect on the inanlation, aa the 
porea ore protected by the refractory oxide film that baa a 
melting point tbrm timea that of aluminum. 

High temperature polymera offer vermtility for um in 
electrcmic i n m l a t i m and ataow atobility in perfwmance whm 
impregnated into the AI 2 O] *Vcime coat"; Grmter depend- 
ability bm bem achieved at high operating temperaturm 
(about 8S0° F. ). 

Thermal aging of imulation in orgmic material ia 
probably reapomible for moat failurea found in the comp^ 
nent. Thermal aging itmlf dom not produce foilurm, but 
it rtuuera inmlatim vulnerable to other foctora, auch m 
noiature, pemtretion, brittlenma, Ima of tbermel ei^an- 
aim before complete failure. Figure ehowa aome experimmta 
with organic film over AlyOy* 

Such organic overemt ia produced in a cured or qumi- 
eured atate. A coil cm be formed and woinid in any nhepe 
when a quaai-cured atate ia required. Vhm hmtad, the 
tuma bond together to form a mlid atructure. By eavloying 
thia method, corm ore eliminated; The coil becomm very 
atrong and mlf-aupporting. 
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Thermal aging of IX aluminua wire, anod- 
ically inaulated filna. Dark bari indi- 
cate aluminum and oxide wire. 


nnmpijmTnm 

Moat inaulatiooa are baaed on a thermal theory. Should 
a weak area in the organic inaulatioo be heated more than 
other areaa, and if the heat ia not removed aa rapidly aa it 
ia generated, the weak apot growa hotter and the reaiatance 
will be lower. Aa the temperature continuea to riae in 
operation, inatability occura; thia will be followed by a 
breakdown in the weakeat point of the inaulation. Thia will 
not occur in Al20j inaulation. In fact, the a’uminum oxide 
inaulation improvea at temperaturea above 220° F. The 
choice of inaulatioo ia often a decided factor that will 
govern the performance and reliability of the componenta. 
In applicationa where peak load ia energixed during low 
demand period, overall loaaea are alwaya leaa in high tem- 
perature deaign. Examplea are tranafornera, generatora, 
aolenoida, altematora, magneta, etc., whether for environ- 
mental or terreatrial operation. 

It will make good aenae to conatruct electronic com- 
ponenta by uaing lightweight conductora to improve opera- 
tion: better balance and higher efficiency operation 
through the reduction of maaa. It will make good aenae to 
uae aluainua oxide thin film inaulation for better diaaipa- 
tion of heat, higher current flow, and conae<)uently higher 
temperature operation in adverae enviromaenta. 
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Dr. Robert Pry, Executive Vice President for R and D, Gould, Inc., has been 
Invited to the conference to listen to the proceedings, have discussions with the 
authors and attendees and fron this background provide Insights on the status of 
effort. Interfaces between, and perception of toe research, nanufacturlng and 
user coenunltles In high teaperature electronics. The progress of R and D, fahrlca- 
tlon technology and coaaerclallzatlon of useful neasureaent systeas at teaperatures 
greater than 200*C will be assessed. The gaps between user needs, R and D results 
and on-golng projects will be suaurlzed yielding aarket expectations as projected 
froa user applications and aanufacturer viewpoints. The apparent detemlnants for 
coeaerclallsatlon o'f current research projects and the perceived Interface barriers 
to technology transfer will be detailed. 
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